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Abstract 
 
The first part of this work details the formal total synthesis of HKI 0231B and the 
first total synthesis of both demethyl HKI 0231A and demethyl HKI 0231B. The formal 
synthesis used TBAF as a mild reagent to construct the indole. The total synthesis featured an 
efficient radical cyclization / oxidation step to construct the skeleton and a DDQ-mediated 
methoxylation reaction. 
The second part of this work is dedicated to the synthetic efforts towards the abeo-
ergolines and the total synthesis of the abeo-ergoline analogs. In the synthetic study toward 
the abeo-ergolines, a reaction between 4-lithioindole and the enaminone, which was prepared 
from the ketone and Brederick reagent, effectively brought together all the necessary carbons 
for the final product. The synthesis of the abeo-ergoline analogs was direct, as it had a 36% 
overall yield in 7 steps. This approach is also flexible enough to allow the synthesis of 
various structurally related abeo-ergoline analogs. 
The third part of this work describes the invention of a new strategy which allows the 
one-pot benzocyclobutenol synthesis and the corresponding three-component reactions. In 
the reaction, acetaldehyde enolate and benzyne intermediates were generated in the same 
flask to produce benzocyclobutenoxides species which is in equilibrium with o-
qunodimethide species.  With protonation, benzocyclobutenols were prepared in a one-pot 
fashion. With the addition of dienophiles, three component reactions were achieved. This 
strategy was also successfully applied in the synthesis of the berbine natural products when 
cyclic imines were used as dienophiles.  
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GENERAL INTRODUCTION 
 
Organic synthesis is an essential part of chemistry. Over the years, many excellent 
examples have demonstrated the power of this subject. However, more synthetic routes are 
still desirable for the direct preparation of natural and unnatural compounds. 
HKI 0231 A and HKI 0231B are novel indole alkaloids, which were isolated recently 
in 2001. They inhibit 3α-hydroxysteroid dehydrogenase, the key enzyme in the inflammatory 
process. Therefore, these two compounds are potential leads to anti-inflammatory agents. In 
chapter one, a formal synthesis of HKI 0231B and a concise synthetic route to demethyl HKI 
0231A and demethyl HKI 0231B will be discussed. 
Ergot alkaloids have a wide spectrum of pharmacological activities. Abeo-ergolines 
are derivatives of 9-hydroxyergolines through semi-synthesis. Some members of this class of 
compounds have high 5-HT1A affinity and selectivity and are potential therapeutical agents. 
In chapter two, our effort towards an enantioselective synthesis of abeo-ergolines from 
simple starting materials and an efficient synthetic route to racemic abeo-ergoline analogs 
will be discussed. 
Benzocyclobutenols are versatile building blocks in organic synthesis. They are 
precursors of reactive o-quinodimethane intermediates under thermal or basic conditions. 
The conventional synthesis of benzocyclobutenols requires multiple steps. In chapter three, a 
one-pot synthesis of benzocyclobutenols and the corresponding three-component reactions 
will be discussed. 
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CHAPTER ONE 
 
 
HKI 0231B AND HKI 0231A SYNTHESIS 
 
1. Background and Introduction 
In 2001, the Grafe group reported the isolation of two structurally related indole 
alkaloids from the fermentation broth of Streptomyces sp. HKI 0231.1 With the assistance of 
UV, NMR and MS techniques, the scientists assigned the structures of the two compounds – 
HKI 0231A and HKI 0231B as shown in Figure 1. 
Figure 1. HKI 0231A and HKI 0231B 
N
O
O O
N
O
O
O O
HKI 0231A HKI 0231B
 HKI 0231A and HKI 0231B are structually novel indole alkaloids. Both possess a 
pentacyclic core structure. Both compounds display bright fluorescence, which is the result 
of a conjugated oxonapthopyrrole chromophore. Since optical rotation (in methanol) 
measurements indicated that both compounds are inactive, then HKI 0231B could be a 
mixture of enantiomers. 
Biological tests revealed that both compounds have the ability to inhibit 3α-
hydroxysteroid dehydrogenase (IC50 = 10.5 µg/mL and 2.5 µg/mL, respectively), the key 
enzyme in the inflammatory process. Therefore, these compounds could possibly be 
developed into anti-inflammatory agents. 
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 Because of their novel structure and potential use as anti-inflammatory agents, several 
groups started synthetic studies on HKI 0231A and HKI 0231B. Among them, the Nakatsuka 
group first completed a synthesis of HKI 0231B. 2
 The Nakatsuka synthesis featured a unique AlCl3-mediated cyclo-elimination reaction, 
which they developed to construct the benz[c,d]indol-3(1H)-one core. The reaction is shown 
in Scheme 1. 
Scheme 1. AlCl3-Mediated Cyclo-elimination Reaction 
N
H
O
R
R'
5 equiv. AlCl3
N
H
OR
R = H, Me; R' = H, OMe, NO2
1 2
 They explained that this unusual transformation goes through an AlCl3-mediated 
intramolecular cyclization, followed by the elimination of the substituted phenyl group. The 
proposed mechanism is shown in Scheme 2. It was reported that the reaction worked well 
when the R’ substituent is a hydrogen or methyl group. Both strong electron-withdrawing 
groups (such as a nitro group) and strong electron-donating groups (such as a methoxyl group) 
retard either the cyclization or the elimination step, resulting in a poor yield of the desired 
tricyclic indole product. 
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Scheme 2. Proposed Cyclo-elimination Mechanism 
5 equiv. AlCl3
N
O
R
R'
H
AlCl3
AlCl3
1
N
R'
R
H
AlCl3
O
AlCl3
2
 The Nakatsuka synthesis started with expensive 7-methyl indole (3).3 After protecting 
the indole nitrogen with a pivaloyl group, a standard AlCl3-mediated Friedel-Crafts acylation 
of trans-p-methylcinnamoyl chloride at the 3-position of the indole and a subsequent 
deprotection step smoothly provided indole 4. Then the key cyclo-elimination reaction was 
achieved in 84% yield to afford the tricyclic indole 5 (Scheme 3).  
Scheme 3. Application of the Cyclo-elimination Reaction in HKI 0231B Synthesis 
N
H
O AlCl3
(CHCl2)2, 80 oC
N
H
O
N
H
3 4
87%, 3 steps 84%
5
With the tricyclic indole 5 in hand, Nakatsuka took advantage of the chemistry 
developed by Hegedus.4 After protection of the nitrogen, a regioselective conjugate addition 
with lithiated N, N-dimethyl-O-methylsalicylamide yielded naphthol 6. This was deprotected 
and oxidized to compound 7 with air in the presence of CuCl. Cyclization of 7 in boiling 
toluene gave pentacyclic indole 8. Finally, HKI 0231B was obtained by a partial reduction of 
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8 with LAH at low temperature, followed by immediate treatment with CSA in methanol. 
This conversion was not efficient as the yield was only 14% for the two steps (Scheme 4). 
This synthesis applied their novel cyclo-elimination reaction. Despite the poor 
transformation in the ending stage, the whole strategy was quite efficient. HKI 0231B was 
synthesized in 10 steps in 8.1% overall yield. The weaknesses of this synthesis are: 1) 
expensive starting material; 2) low yield conversion in the last two steps; and 3) inability to 
synthesize the related compound HKI 0231A through this route. 
Scheme 4. Completion of the Nakatsuka Synthesis 
 
 
 
 
 
 
 
 
 
 
 
5
N
O
OO
N
O
OO
1) LAH
2) CSA, MeOH
14%
HKI 0231B
O
NMe2
O
Li
2)
 O2, KOH, CuCl
8
N
Ts
OH
6
1)TsCl, Pyr.
NMe2
O O
N
H
O
7
NMe2
O O
 PhMe
reflux
81%, 2 steps
97%, 2 steps
 The Kelly group at Boston College took a quite different approach in synthesizing 
HKI 0231A and HKI 0231B.5 Anionic reactions were applied extensively in their synthesis. 
Their synthesis was started with readily available para-methoxybenzyl chloride 9. Several 
standard transformations gave them the dibromo compound 10. Then trianion chemistry 
produced the desired indole 11 in an almost quantitative yield after a cyclization and 
hydrolysis sequence (Scheme 5). 
 
 6
Scheme 5. The Kelly Synthesis of HKI 0231B 
O
Cl
O
O
N
H
Br
TIPSO
Br 1) MeLi
2) t-BuLi
N
H
O
O3) NH4Cl
9 10 11
 With compound 11 in hand, a dianion was generated regioselectively between the 
nitrogen atom and the methoxyl group as both groups are ortho-directing. The anion was 
trapped with TMSCl-activated ethyl formate to yield hemiaminal 12. CSA-catalyzed 
methylation in boiling methanol gave HKI 0231B (Scheme 6). 
Scheme 6. Completion of Kelly Synthesis 
1) LiTMP
2) H
O
OEt
N
O
CSA, MeOH
reflux
OHO
N
O
OO
HKI 0231B
11
12
 The Kelly group synthesis of HKI 0231B had an improved yield (12 steps, 15.6% 
overall yield), mainly because they devised a much better way to achieve hemiaminal 12 
compared with the Nakatsuka synthesis. The synthetic route demonstrated the power of anion 
chemistry in organic synthesis. However, they were still unable to synthesize HKI 0231A 
with this strategy. Their attempt to convert compound 13 into HKI 0231A, which was to 
generate an immonium intermediate in situ by treatment of 13 with a strong methylating 
agent, followed by addition of a solution of methoxide in methanol. Unfortunately, the Kelly 
group could not make this chemistry work (Scheme 7). 
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Scheme 7. Attempted Synthesis of HKI 0231A 
N
O
OO
N
O
OO
N
O
O
O O
OMe
MeOTf
HKI 0231A13
 Based on the two reported total syntheses of HKI 0231B, the synthetic challenges in 
synthesizing this series of compounds are: 1) how can one find an efficient new strategy to 
construct the pentacyclic skeleton; and 2) how can one devise a way to generate the elusive 
amide acetal moiety in HKI 0231A?    
 
2. Results and Discussion 
 Our synthetic endeavor towards the HKI compounds began one year after their 
discovery.1 The first generation retrosynthetic analysis of HKI 0231B is shown in Scheme 8. 
Scheme 8. First Generation Retrosynthetic Analysis 
N
H
O
N
O
O
OOHCO
HKI 0231B
N
H
CHO
OOHC
CHO
O
OHC
NHAc
CHO
OTf
NHAc
CHO
O
H
+
14 15
16 17 18
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 The first disconnection of the retrosynthetic analysis was the methylation of 14, 
which should be a mixture of the shown aldehyde and the corresponding hemiaminal. The 
second disconnection was based on the assumption that the cyclic enone moiety can be 
constructed through a C3 acetylation, followed by an intramolecular aldol condensation from 
indole 15. Then the key disconnection was the indole formation from 16. We believed that a 
palladium- or base-mediated indole synthesis would complete this transformation. Finally, a 
Sonogashira coupling reaction simplified 16 into acetylene 17 and triflate 18. 
 To test the feasibility of the two key disconnections, indole formation and fused 
cyclobutenone ring construction, we conducted a model study. The model system study 
started with readily available phenol 19. A Duff reaction (reflux with HMTA in TFA) 
regioselectively introduced the formyl group ortho to the hydroxyl group giving aldehyde 20. 
The nitro group was then reduced under hydrogenation conditions, and the amino group was 
acylated in situ with acetic anhydride to give amide 21. Triflation, followed by a standard 
Sonogashira reaction with phenyl acetylene, afforded acetylene 23 effectively (Scheme 9). 
Scheme 9. Model System Study 
OH
NO2
OH
NO2
CHO
76%
N
N
N
N
/ TFA
cat. Pd/C, H2, Ac2O OH
NHAc
CHO
74%
PhN(Tf)2 / K2CO3
OTf
NHAc
CHO
92%
cat. PdCl2(PPh3)2
CuI / DIPEA
Phenyl acetylene
86% NHAc
CHO Ph
19 20 21
18 23
  With acetylene 23 in hand, attempts were made to achieve indole formation. First, the 
more conventional palladium-mediated cyclization conditions were attempted.6-8 
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Unfortunately, none of these conditions yielded the cyclized product, instead giving complex 
mixtures. Since the aldehyde peak was not shown in the crude NMR spectra, it is possible 
that the aldehyde group took part in the reaction in some undesired way.   
Another conventional way of converting 2-alkynylanilides like acetylene 23 into 
indoles is through base-mediated cyclization. Knochel and coworkers reported that KH, t-
BuOK or t-BuOCs can mediate indole formation when NMP is used as solvent.9 However, 
when acetylene 23 was subjected to these conditions, the desired indole product was not 
formed. Again, the aldehyde peak was missing in the crude NMR spectra.  
 Recently, the Sakamoto group reported that TBAF can serve as a mild reagent to 
promote the cyclization of 2-alkynylanilides to form indoles.10, 11 Indeed, when acetylene 23 
was subjected to TBAF in boiling THF, indole 24 was obtained in a 67% yield.  
With the successful construction of the indole, attention was turned to construct of the 
cyclic enone part. Indole 24 was first subjected to the standard acetylation conditions.4,12,13 
Although the C3 position of indoles is the preferred site for acylation, acetylation of 24 using 
a variety of Lewis acids (AlCl3, SnCl4, Et2AlCl) and acetylating agents (AcCl, Ac2O, CH3CN) 
afforded at best a 46% yield of keto aldehyde 25. The subsequent intramolecular aldol 
reaction using t-BuOK as a base went smoothly to produce enone 26 (Scheme 10).  
Scheme 10. Completion of the Model System Study 
NHAc
CHO Ph Pd Catalysts or Bases
 TBAF N
H
CHO
Ph
67%
N
H
CHO O
Ac2O, AlCl3
46%
t-BuOK
N
H
O
92%
23 24
25 26
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In general, the model system study was a success. Despite the failure of palladium 
catalysts and bases to promote indole formation, TBAF was found to be a mild reagent to 
facilitate the reaction in this system. The acetylation and cyclization sequence yielded the 
desired enone moiety.  
  With the success of the model system study, attention was turned to the application of 
this strategy to the real system. First, the acetylene 17 needed be made.   
Scheme 11. Synthesis of Acetylene 17 
O
O
n-BuLi, DMF
71%
O
O
CHO
1) AlCl3, NaI
2) PhN(Tf)2, K2CO3
OTf
O
CHO85%
PdCl2(PPh3)2, 
CuI, DIPEA
TMS-acetylene
        88%
CHO
O
TMS
CHO
O
H
TBAF
   87%
27 28 29
30 17
The synthesis of the acetylene started with 1,3-dimethoxybenzene (27). Ortho-
Lithiation generated the anion, which was trapped with DMF to give aldehyde 28 after 
hydrolysis. A combination of AlCl3 and NaI was used to selectively deprotect one of the two 
methoxy groups,14, 15 which was followed by triflation to give triflate 29. Triflate 29 was then 
coupled with trimethylsilyl acetylene under Sonogashira conditions to furnish the protected 
acetylene 30, which was converted to the desired acetylene 17 by a simple TBAF 
deprotection (Scheme 11).  
 The attempted synthesis of HKI 0231B started with the Sonogashira coupling 
between triflate 18 and acetylene 17, which gave the desired coupled product 16 in good 
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yield. However, when the acetylene 16 was subjected to the same cyclization conditions used 
earlier (TBAF in refluxing THF), the expected indole 15 was not obtained (Scheme 12). 
Scheme 12. Attempted Synthesis of Indole 15 
OTf
NHAc
CHO
O
H
 PdCl2(PPh3)2, CuI, DIPEA
CHO
+
CHO
NHAc
CHO
O
72%
TBAF
N
H
CHO
OHC O
18 17 16
15
The only difference between acetylene 16 and acetylene 23 in the model system is the 
two substituents. So the formyl group was assumed to have caused the problem. Indeed, 
when the formyl group was protected as an acetal, the cyclization worked to yield the desired 
indole 33. Deprotection and methylation of 33 afforded tetracyclic indole 34 (Scheme 13). 
Scheme 13. Synthesis of Indole 34 
OTf
NHAc O
H
 PdCl2(PPh3)2, CuI, DIPEA
CHO
+
CHO
NHAc
O
69%
O
O O O
TBAF
N
H
CHO
OO
O
46% N
CHO
O O
PTSA, MeOH
90%
18 31 32
33 34
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With the successful synthesis of indole 34, the synthesis of HKI 0231B was just two 
steps away. Unfortunately, various attempts failed to introduce the acetyl group at the C3 
position. Complex mixtures were obtained. The reason for failure might be that although the 
C3 position of indoles is the preferred site for Fridel-Crafts acylation, there are many other 
electron-rich sites on indole 34. It is possible that these sites compete with the target site to 
give a complex mixture. 
A model study was also employed to test the feasibility of an alternate way to 
generate the enone part. It was hoped that the Knoevenagel condensation product indole 36 
would cyclize under basic conditions to furnish the cyclohexenone. Unfortunately, the 
cyclized product could not be obtained under various conditions (Scheme 14). 
Scheme 14. Attempted Construction of the Cyclohexenone Moiety 
N
CHO
O O
N
CHO
O O
O
N
H
CHO
Ph
N
H
Ph
CO2Et
CO2Et
60%
CO2Et
CO2Et
/ Piperidine
N
H
O
CO2Et
Ph
Base
34 35
24 36 37
Even with a successful model system study, the first generation synthesis of HKI 
0231B ran into a dead end at the final stage. However, there are still some promising aspects 
of this synthetic route. TBAF stood out as a mild reagent to mediate indole formation in this 
context, while more conventional palladium and base catalyzed chemistry failed. 
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Based on the reported synthesis by the Nakatsuka group, a formal total synthesis of 
HKI 0231B was developed from the first generation synthesis. 
Scheme 15. Formal Total Synthesis of HKI 0231B 
NHAc
CHO TMS trimethylsilylacetylene, 
 PdCl2(PPh3)2, CuI, DIPEA
90%,
OTf
NHAc
CHO
3 Steps
N
H
CHO
TBAF
34%
N
H
O
1) Ac2O, AlCl3
2) t-BuOK
71%, 2 steps
N
O
O O
Nakatsuka 
Synthesis
HKI 0231B
19
18
5
38
39
As shown in Scheme 15, the formal synthesis started from phenol 19. Triflate 18 was 
obtained after three steps. A Sonogashira reaction between this triflate and trimethylsilyl 
acetylene afforded acetylene 38 in good yield. TBAF was used for dual purposes, cyclization 
and desilylation, which gave indole 39 in a modest yield. The tricyclic indole 5 was 
synthesized through acetylation and intramolecular aldol condensation. This is an advanced 
intermediate in the Nakatsuka synthesis. Therefore, a formal total synthesis of HKI 0231B 
was completed.16
 
Since we were not satisfied with the formal total synthesis, we still wanted to develop 
an efficient synthetic strategy for both HKI 0231A and HKI 0231B.  
 In the second generation retrosynthetic analysis, the first disconnection was based on 
the assumption that if compound 40 is treated with oxidants, like DDQ, the generated cation 
will be stabilized by the nitrogen atom and the neighboring aromatic ring. The cation could 
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then be trapped with methanol to deliver the methoxy group. Once the first methoxy group is 
in place, the second hydride abstraction is arguably easier, since the methoxy group can 
further stabilize the cation. 
 The second key disconnection is the cyclization of compound 41 to prepare 
compound 40 through an intramolecular Heck type of reaction, where group “X” is halogen 
or triflate, or through an intramolecular radical or anionic reaction, where group “X” is a 
halogen. The next step would be an obvious N-alkylation of the known tricyclic indole 5 with 
a 1,2,3-trisubstituted benzene 42, where the group “L” is a leaving group and the group “X” 
is a halogen or a triflate. As has been described before, compound 5 can be synthesized from 
phenol 19 (Scheme 16). The success of the second synthetic strategy depends on the two key 
steps: the cyclization to form the pentacyclic skeleton and the step to introduce the methoxy 
group(s). 
Scheme 16. Second Generation Retrosynthetic Analysis 
N
O
O
N
O
O
R = OMe, HKI 0231A
R = H,      HKI 0231B
O R
N
O
X
O
41
N
H
O
X
O
L +
42
OH
NO2
40
5 19
Before we could investigate this synthetic route, the 1,2,3-trisubstituted benzene 42 
had to be made. As the triflate 29 had been made, a NaBH4 reduction and iodination 
smoothly afforded iodotriflate 43 (Scheme 17). 
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Scheme 17. Synthesis of Triflate 1-43 
O
O
OTf
O
CHO
OTf
O
I
3 Steps
60%
1) NaBH4
2) PPh3, Imid., I2
77%, 2 steps
27 29 43
In order to explore other possible ways to construct the pentacyclic skeleton, another 
1,2,3-trisubstituted benzene was also synthesized. Starting with o-methoxybenzoic acid, two 
equivalents of sec-BuLi in the presence of TMEDA generated a carbanion regioselectively, 
which was trapped with iodine to give the acid 45.17 Then standard borane reduction of the 
acid, followed by iodination, yielded diiodo compound 46 (Scheme 18). This compound 
provided more flexibility for the whole strategy. As will be discussed later, aside from a 
palladium-catalyzed cyclization, radical chemistry and anionic chemistry could also be 
examined. 
Scheme 18. Synthesis of Iodide 46 
O
CO2H
sec-BuLi, TMEDA, I2
51% O
CO2H
I
1) BH3 Me2S.
2) PPh3, Imid., I2
O
I
I
81%, 2 steps
44 45 46
With compounds 43 and 46 in hand, we started to explore the synthesis towards HKI 
0231A and HKI 0231B. In the beginning, some model studies were conducted to investigate 
the feasibility of the key intramolecular cyclization step. 
The possibility of a Heck type reaction was first tested. A procedure reported by our 
group used a combination of a palladium catalyst, TBAC and sodium formate to promote the 
cyclization (Scheme 19).18  
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Scheme 19. Reported Intramolecular Heck-type Cyclization 
N
CHO
O
I
Pd(CH3CN)2Cl2 / TBAC / HCO2Na
DMF, 90 oC
60%
N
CHO
O
However, when these conditions were applied to various substrates, the cyclized 
products were not observed. Instead, reduced products were obtained (Scheme 20).  
Scheme 20. Palladium Catalyzed Reaction: Cyclization vs Reduction 
N
Br
TfO
O
O
Pd(CH3CN)2Cl2 / TBAC / HCO2Na
DMF, 90 oC N
Br O
O
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There are two possible reactions under this condition: the desired cyclization reaction 
and the undesired reduction reaction. In the reported successful system (Scheme 19), it might 
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be that the carbonyl group helped to keep the molecule at a conformation which is favorable 
to the cyclization. For substrates in Scheme 20, the cyclizing conformations were less 
favorable and the competing reduction reaction won out. Since our model study and the 
Kelly group’s results agreed that it is hard to transform a carbonyl group into a methoxy 
group or a dimethyl acetal group in this case (Scheme 7), other methods were required to 
achieve the cyclization. 
Scheme 21. Palladium Catalyzed Intramolecular Cyclization of Indoles 
N
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Kozikowski and coworkers reported another condition for the palladium-mediated 
intramolecular cyclization on the C2 position of indoles.19 Since sodium formate was not used, 
this condition did not have the problem of a competing reduction reaction. Several simpler 
substrates were subjected to this condition. We were delighted to find that the cyclization 
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worked well. Both bromides and iodides could be converted to the cyclized products in good 
to excellent yields (Scheme 21). 
Scheme 22. Unsuccessful Examples of the Cyclization Reactions 
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However, the reaction failed when the substrates 60 and 62 were tried. At low 
temperatures, the reaction did not proceed. When higher temperatures were applied, complex 
mixtures were obtained (Scheme 22). These results are not surprising when one looks at the 
reaction mechanism. It appears that this palladium-catalyzed reaction can be classified as an 
intramolecular Heck reaction. However, the mechanism of the Heck reaction requires syn-
addition and syn-elimination of the intermediates, which is impossible in this system. It is 
more likely that there is a nucleophilic attack from the electron-rich C2-C3 double bond of the 
indole to the palladium species. Therefore, if there is an electron-withdrawing group, like 
those on compounds 60 and 62 at the C3, the C2-C3 double bond will be less electron-rich, 
then the nucleophilic attack is less likely to happen.20  
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 Using compound 62 as substrate, a lithium-halogen exchange, followed by an 
intramolecular Michael addition was another way to achieve cyclization. However, this 
reaction also failed – complex mixtures were obtained (Scheme 23). The reason might be that 
at the typical low temperature for lithium-halogen exchange, the substrate is not in a 
conformation that favors cyclization; thus, some side reactions may take place in an 
intermolecular fashion. 
Scheme 23. Attempted Intramolecular Michael Addition 
N
I
O
THF, -78oC
O
N
O
O
62 63
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Another way of cyclization is to use radical chemistry. Our group reported successful 
examples using similar substrates (Scheme 24).18 Although the yields were only modest, this 
reaction is a combination of radical cyclization and oxidation, which will give the product in 
the desired oxidation state in one operation. 
Scheme 24. Reported Radical Cyclization Reaction 
N
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Bu3SnH / AIBN
Benzene, reflux
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N
CHO
O
Compound 60 was used first to try the radical cyclization reaction. We were pleased 
to see the reaction proceed to give the cyclized product 64 in boiling benzene. Although an 
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oxidation reaction did not happen in the same pot, DDQ was used to generate oxidized 
compound 61. Unfortunately, the intramolecular aldol reaction did not work to yield the 
pentacyclic compound 63 (Scheme 25). One more effort was made to try the radical 
chemistry with compound 62, this time in boiling toluene with slow addition of a solution of 
Bu3SnH and AIBN. Finally, the cyclized product 63 was obtained in 58% yield.  
Scheme 25. Radical Cyclization  
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Scheme 26 summarizes the successful synthesis of the HKI compound skeleton. The 
synthesis started with the commercially available 4-formylindole (65). Acetylation of 65, 
followed by a base-mediated intramolecular cyclization gave the tricyclic indole 67. Indole 
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67 was N-alkylated to produce compound 62. Then radical chemistry was applied to afford 
the desired compound 63 with the right oxidation state, which completed the skeleton of both 
HKI compounds in only 4 steps. 
Scheme 26. Synthesis of Pentacyclic Compound 63 
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With the completion of the skeleton, the next task was to introduce the methoxyl 
group(s). When compound 63 was subjected to DDQ in methanol at room temperature, it was 
cleanly converted to the desired demethyl HKI 0231B. Demethyl HKI 0231B could be 
converted to the demethyl HKI 0231A by stirring with DDQ in boiling methanol. We 
thought that starting from 63 it may not be necessary to go through this two-step process to 
attain demethyl HKI 0231A. Indeed, when stirred with DDQ in boiling methanol, 63 could 
be transformed to demethyl HKI 0231A directly (Scheme 27). This approach was the first 
synthetic pathway towards both HKI 0231A and HKI 0231B series. 
When compound 63 was stirred with DDQ in methanol at room temperature, it would 
not have surprised us if a mixture of the monomethoxylated and the dimethoxylated products 
had been obtained. After the first methoxyl group was introduced, the product demethyl HKI 
0231B is arguably a better compound than 63 to generate a cation, because of the stabilizing 
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effect from the methoxyl group. Therefore, a mixture of the mono-methoxylated and the 
dimethoxylated products or solely the dimethoxylated product was possible. This did not 
happen due to a steric effect. The allylic strain may force the methoxy group in an axial 
position, which makes the second hydrogen equatorial and less favorable due a 
stereoelectronic effect. More forcing conditions were required to abstract the hydride 
(Scheme 27). 
Scheme 27. Synthesis of Demethyl HKI 0231A and Demethyl HKI 0231B 
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 The second generation synthetic route successfully prepared both demethyl HKI 
0231A and demethyl HKI 0231B. We are quite confident that starting with aldehyde 39, both 
natural products HKI 0231A and HKI 0231B can be synthesized through the same synthetic 
pathway (Scheme 28). 
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Scheme 28. Synthetic Pathway towards HKI 0231A and HKI 0231B 
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It has been reported that in many cases, simplified intermediates that possess the 
skeleton of more complex natural products have similar or even better biological activities 
compared with the natural products themselves.21-24 We believe that it is possible that 
demethyl HKI 0231A and demethyl HKI 0231B will show biological activity similar to their 
natural counterparts. We are now trying to get both compounds tested. If, contrary to our 
assumption, the methyl group proves to be essential to the biological activity, we can start 
with aldehyde 39 to synthesize both natural products using the same chemistry (Scheme 28). 
In summary, we have studied two synthetic routes toward HKI 0231A and HKI 
0231B. In the first route, the TBAF-mediated indole formation method proved to be mild and 
efficient in the context of natural product synthesis. The acetylation and cyclization strategy 
was used in the model system to make the cyclic enone moiety. Despite the failure of this 
strategy in the real system, we managed to develop a formal total synthesis of HKI 0231B. 
The second generation synthesis highlighted a radical cyclization / oxidation step to 
construct the pentacyclic skeleton and a DDQ-mediated hydride abstraction step to introduce 
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the methoxy groups. We were the first to achieve a synthetic pathway towards both HKI 
0231A and HKI 0231B series. This synthetic route is quite efficient, which allows us to 
prepare both compounds in 20% yields in only 5 steps. The route is flexible and will permit 
the synthesis of other related indole alkaloids. 
 
3. Experimental Section 
Materials and Methods 
Unless stated otherwise, reactions were performed in flame dried glassware under an 
argon atmosphere, using freshly distilled solvents. Air and moisture sensitive reagents were 
transferred via syringe or cannula. Diethyl ether and tetrahydrofuran were distilled from 
sodium and benzophenone ketyl. Methylene chloride, benzene, toluene and diisopropyl 
amine were distilled from calcium hydride. All other commercially obtained reagents were 
used as received. 
Unless stated otherwise, all reactions were magnetically stirred and monitored by 
thin-layer chromatography (TLC) using Sigma-Aldrich silica gel F254 precoated plates (0.25 
mm). Column or flash chromatography was performed with the indicated solvents using 
silica gel (230-400 mesh) purchased from Dynamic Adsorbents, LLC. All melting points 
were obtained on a Laboratory Devices capillary melting point apparatus and are uncorrected. 
1H and 13C NMR spectra were recorded on a Bruker VXR-300 (300 MHz) or a Bruker VXR-
400 (400 MHz) spectrometer. Chemical shifts are reported relative to internal chloroform (1H, 
7.26 ppm; 13C, 77.23 ppm). High resolution mass spectra were performed at the Iowa State 
University Mass Spectrometry Laboratory.  
 
Preparative Procedures 
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OH
NO2
OH
NO2
CHO
76%
N
N
N
N
/ TFA
19 20
Phenol 20 
 To a solution of 4-methyl-2-nitrophenol 19 (3.07 g, 20 mmol) in 100 mL of TFA was 
added HMTA (5.61 g, 40 mmol) slowly with ice water cooling. The reaction mixture was 
stirred at room temperature for 10 min and stirred at reflux until the starting material was 
consumed. The reaction mixture was then cooled and poured into 100 mL of 2N HCl, 
extracted with CH2Cl2 (50 mL × 4). The combined organic extracts were dried over Na2SO4 
and concentrated. The crude product was purified by flash chromatography (ethyl 
acetate/hexane = 1:2) to give the title compound as a yellow solid (2.75 g, 76% yield).  
1H NMR (300 MHz, CDCl3) δ 11.22 (br s, 1H), 10.38 (s, 1H), 8.15 (s, 1H), 7.92 (s, 
1H), 2.41 (s, 3H). 
 
OH
NO2
CHO
Pd/C, H2, Ac2O
OH
NHAc
CHO
74%
20 21
Phenol 21 
 To a solution of phenol 20 (906 mg, 5.0 mmol) in 50 mL of ethyl acetate was added 
10% Pd on charcoal (106 mg, 0.10 mmol) and acetic anhydride (2.4 mL, 25 mmol). The 
reaction mixture was stirred under a H2 atmosphere at room temperature overnight. The solid 
was filtered and the solvent was removed in vacuo. The crude product was purified by flash 
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chromatography (ethyl acetate/hexane = 1:1) to give a yellow solid (715 mg, 74% yield), mp: 
124-126 ℃.  
1H NMR (300 MHz, CDCl3) δ 11.17 (s, 1H), 9.34 (s, 1H), 8.35 (s, 1H), 7.81 (br s, 
1H), 6.99 (s, 1H), 2.25 (s, 3H), 2.17 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 196.7, 168.7, 
148.1, 129.6, 127.7, 127.2, 127.0, 119.5, 24.7, 20.8; MS (m/z) 193, 165, 152, 151, 150, 123, 
105; HRMS Calcd. for C10H11NO3: 193.0739, Found: 193.0741. Anal. Calcd for C10H11NO3: 
C: 62.17%; H, 5.74%; N, 7.25. Found: C: 62.30%; H, 5.77%; N, 7.39%.  
 
OH
NHAc
CHO
PhN(Tf)2 / K2CO3
OTf
NHAc
CHO
92%
21 18
Triflate 18 
 The phenol 21 (966 mg, 5.0 mmol), K2CO3 (898 mg, 6.5 mmol) and N-
phenyltriflimide (1.96 g, 5.5 mmol) in 25 mL of THF were stirred at room temperature 
overnight. The solid was filtered and solvent was removed under reduced pressure. The crude 
product was purified by flash chromatography (ethyl acetate / hexane= 1:1) to give a yellow 
solid (1.54 g, 95% yield), mp: 118-120 ℃.    
  1H NMR (300 MHz, CDCl3) δ 10.07 (s, 1H), 8.09 (s, 1H), 7.80 (br s, 1H), 7.51 (s, 
1H), 2.39 (s, 3H), 2.20 (s, 3H); 13C NMR (75 MHz, CDCl3): δ 186.9, 169.1, 140.1, 138.1, 
131.7, 131.2, 139.0, 127.7, 118.7 (q, J = 319 Hz),  24.0, 21.2; MS (m/z) 325, 193, 192, 176, 
150, 122; HRMS Calcd. for C11H10F3NO5S:  325.0232, Found: 325.0237. 
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OTf
NHAc
CHO PdCl2(PPh3)2
CuI / DIPEA
Phenyl acetylene
86% NHAc
CHO Ph
18 23
Acetylene 23 
 To a degassed solution of triflate 18 (650 mg, 2.0 mmol), PdCl2(PPh3)2 (42 mg, 0.06 
mmol), CuI (12 mg, 0.06 mmol) and DIPEA (1.05 mL, 6.0 mmol) in 20 mL of THF was 
added phenylacetylene (0.27 mL, 0.24 mmol) dropwise. The reaction mixture was stirred at 
55 ℃ for 6 h. The solid was filtered and the filtrate was washed consecutively with saturated 
NH4Cl and brine, dried over Na2SO4 and concentrated. The crude product was purified by 
flash chromatography (ethyl acetate/hexane= 1:2) to give a yellow solid (477 mg, 86% yield), 
mp: 145-146 ℃.    
 1H NMR (300 MHz, CDCl3) δ 10.52 (s, 1H), 8.54 (s, 1H), 8.07 (br s, 1H), 7.56-7.59 
(m, 2H), 7.50 (s, 1H), 7.42-7.44 (m, 3H), 2.44 (s, 3H), 2.28 (s, 3H); 13C NMR (75 MHz, 
CDCl3) δ 191.2, 168.5, 140.2, 139.6, 135.6, 131.5, 129.5, 128.8, 125.4, 123.3, 121.7, 112.5, 
102.5, 80.6, 24.9, 21.8; MS (m/z) 277, 276, 249, 248, 247, 207, 206; HRMS Calcd. for 
C18H15NO2: 277.1103, Found: 277.1107. 
 
NHAc
CHO Ph
 TBAF
N
H
CHO
Ph
67%
23 24
Indole 24 
 A mixture of aldehyde 23 (139 mg, 0.50 mmol), 1 M TBAF (1.5 mL, 1.5 mmol) in 10 
mL of THF was stirred at reflux for 1 h. The solvent was removed under reduced pressure. 
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The residue was diluted with water and extracted with ethyl acetate. The ethyl acetate extract 
was dried over Na2SO4 and concentrated. The crude product was purified by flash 
chromatography (ethyl acetate/hexane = 1:2) to give a yellow solid (78 mg, 67% yield), mp: 
187-189 ℃.    
  1H NMR (300 MHz, DMSO-d) δ 10.15 (s, 1H), 7.90 (s, 1H), 7.87 (s, 1H), 7.53 (s, 
1H), 7.45-7.50 (m, 4H), 7.32-7.37 (m, 1H), 2.49 (s, 3H); 13C NMR (75 MHz, DMSO-d) δ 
193.9, 141.3, 139.1, 132.4, 131.2, 129.7, 129.2, 128.7, 127.9, 126.0, 125.1, 118.4, 99.1, 21.7; 
MS (m/z) 235, 234, 207, 206, 204,178, 103, 102; HRMS Calcd. for C16H13NO: 235.0997, 
Found: 235.1001. Anal. Calcd for C16H13NO C: 71.68%; H, 5.57%; N, 5.95. Found: C: 
81.39%; H, 5.68%; N, 5.99%. 
 
 
N
H
CHO
Ph
N
H
CHO O
Ac2O, AlCl3
46%
24
25
Aldehyde 25 
To a suspension of AlCl3 (415 mg, 1.5 mmol) in 12 mL of dry CH2Cl2 was added 
acetic anhydride (0.14 mL, 3.0 mmol) dropwise with ice water bath cooling. The reaction 
mixture was stirred at room temperature for 15 min before cooling to -20 ℃. A solution of 
indole 24 (118 mg, 0.5 mmol) in 3 mL of dry CH2Cl2 was added dropwise. The mixture was 
stirred at the same temperature for 1 h and quenched by slow addition of crushed ice. The 
aqueous layer was extracted with CH2Cl2. The combined organic layer was washed with 
brine, NaHCO3, and concentrated. The crude product was purified by flash chromatography 
(ethyl acetate/hexane = 1:1) to give a yellow oil (64 mg, 46% yield). 
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  1H NMR (300 MHz, CDCl3) δ 10.48 (s, 1H), 9.12 (br s, 1H), 7.57 (s, 1H), 7.49-7.51 
(m, 2H), 7.40-7.43 (m, 3H), 7.36 (s, 1H),  2.27 (s, 3H), 2.25 (s, 3H); 13C NMR (75 MHz, 
CDCl3) δ 200.0, 193.4, 142.1, 137.0, 133.3, 132.0, 132.0, 129.8, 129.2, 129.1, 127.5, 122.1, 
117.7, 117.2, 32.5, 21.5; MS (m/z) 277, 276, 249, 248, 235, 234, 205, 204, 191, 189, 179; 
HRMS Calcd. for C18H15NO2: 277.1103, Found: 277.1107. 
 
N
H
CHO O
t-BuOK
N
H
O
92%
25 26
 Enone 26 
A mixture of indole 25 (7 mg, 0.025 mmol), and t-BuOK (14 mg, 0.125 mmol) in 5 
mL of THF was stirred for 1 hr. The solvent was removed and the residue was diluted with 
EtOAc, washed with brine, dried over Na2SO4, and concentrated.  The crude product was 
purified by flash chromatography (ethyl acetate/hexane = 1:1) to give a yellow solid (6 mg, 
92% yield).  The yield of this reaction when scaled up was highly variable.   
1H NMR (300 MHz, CDCl3) δ 8.36 (s, 1H), 8.33 (s, 1H), 7.59 (d, J = 9.5 Hz 1H), 
7.43-7.49 (m, 3H), 7.29-7.30 (m, 2H), 6.67 (d, J = 9.5 Hz, 1H), 2.51 (s, 3H); HRMS (ES) 
m/z calcd for C18H13NO: 259.0997, found: 259.0999. 
 
O
O
n-BuLi, DMF
71%
O
O
CHO
27 28
 
 30
Aldehyde 28 
To a solution of 1,3-dimethoxybenzene (27) (6.5 mL, 50 mmol) in 200 mL of dry 
ether was added 2.5 M n-BuLi (40 mL, 100 mmol) dropwise with ice water bath cooling. The 
reaction mixture was boiled for 2 hr. DMF (15.5 mL, 200 mmol) was added dropwise at 
room temperature. The resulting solution was heated at reflux for an additional 2 hr and then 
cautiously quenched upon cooling to room temperature with 200 mL of 6 M HCl. After being 
stirred at room temperature for 1 hr, the aqueous layer was separated and extracted further 
with ether (100 mL × 3). The combined organic layer was washed with brine, NaHCO3, and 
concentrated. The crude product was purified by flash chromatography (ethyl acetate/hexane 
= 1:1) to give a yellow solid (5.89 g, 71% yield).   
1H NMR (300 MHz, CDCl3) δ 10.49 (s, 1H), 7.43 (t, J = 8.5 Hz, 1H), 6.56 (d, J = 8.6 
Hz, 2H), 3.88 (s, 6H). 
 
O
O
CHO
1) AlCl3, NaI
2) PhN(Tf)2, K2CO3
OTf
O
CHO85%
28 29
Triflate 29 
 To a solution of the aldehyde 28 (1.51 g, 9.1 mmol) in 90 mL of CH3CN and 45 mL 
of CH2Cl2 were added AlCl3 (3.04 g, 22.75 mmol) and NaI (3.41 g, 22.75 mmol) at 0 ℃. The 
reaction mixture was stirred at room temperature for 45 min, poured into ice water and 
extracted with CH2Cl2 (100 mL × 3). The organic layer was washed with aqueous sodium 
thiosulfate and brine and concentrated. The crude product was purified by flash 
chromatography (ethyl acetate/hexane = 1:2) to give a pale yellow solid (1.24 g, 89% yield). 
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1H NMR (300 MHz, CDCl3) δ 10.31 (s, 1H), 7.38 (t, J = 8.4 Hz, 1H), 6.49 (d, J = 8.4 
Hz, 1H), 6.35 (d, J = 8.3 Hz 1H), 3.86 (s, 3H). 
The phenol made above (418 mg, 2.75 mmol), K2CO3 (456 mg, 3.3 mmol) and N-
phenyltriflimide (1.18 g, 3.3 mmol) in 25 mL of THF were stirred at room temperature 
overnight. The solid was filtered and the solvent was removed under reduced pressure. The 
crude product was purified by flash chromatography (ethyl acetate/hexane = 1:2) to give the 
title compound as a yellow solid (742 mg, 96%). 
1H NMR (300 MHz, CDCl3) δ 10.36 (s, 1H), 7.52 (t, J = 8.5 Hz, 1H), 7.00 (d, J = 8.6 
Hz, 1H), 6.80 (d, J = 8.3 Hz, 1H), 3.89 (s, 3H). 
 
OTf
O
CHO
PdCl2(PPh3)2, 
CuI, DIPEA
TMS-acetylene
        88%
CHO
O
TMS
29 30
Acetylene 30 
To a degassed solution of triflate 29 (284 mg, 1.0 mmol), PdCl2(PPh3)2 (21 mg, 0.03 
mmol), CuI (6 mg, 0.03 mmol) and DIPEA (0.53 mL, 3.0 mmol) in 20 mL of THF was 
added trimethylsilyl acetylene (0.32 mL, 2.2 mmol) dropwise. The reaction mixture was 
stirred at 55 ℃ for 6 hr. The solid was filtered and the filtrate was washed consecutively with 
saturated NH4Cl and brine, dried over Na2SO4 and concentrated. The crude product was 
purified by flash chromatography (ethyl acetate/hexane = 1:2) to give the title compound as 
yellow oil (205 mg, 88% yield). 
1H NMR (300 MHz, CDCl3) : δ 10.60 (s, 1H), 7.44 (t, J = 8.1Hz, 1H), 7.17 (d, J = 
8.4 Hz, 1H), 6.95 (d, J = 8.6 Hz, 1H), 3.91 (s, 3H), 0.26 (s, 9H). 
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CHO
O
TMS
CHO
O
H
TBAF
   87%
30 17
Acetylene 17 
To a stirred solution of the TMS-protected acetylene 30 (898 mg, 3.87 mmol) in 60 
mL of THF was added 1 M TBAF solution (4.26 mL, 4.26 mmol). The reaction mixture was 
stirred at room temperature for 2 hr and concentrated.  The crude product was purified by 
flash chromatography (ethyl acetate/hexane = 1:2) to give the title compound as a yellow 
solid (543 mg, 87% yield). 
1H NMR (300 MHz, CDCl3) δ 10.55 (s, 1H), 7.44 (t, J = 8.1 Hz, 1H), 7.17 (d, J = 7.7 
Hz, 1H), 6.97 (d, J = 8.4 Hz, 1H), 3.89 (s, 3H), 3.39(s, 1H). 
 
OTf
NHAc
CHO
O
H
 PdCl2(PPh3)2, CuI, DIPEA
CHO
+
CHO
NHAc
CHO
O
72%
18 17 16
Aldehyde 16 
To a degassed solution of triflate 18 (325 mg, 1.0 mmol), PdCl2(PPh3)2 (21 mg, 0.03 
mmol), CuI (6 mg, 0.03 mmol) and DIPEA (0.53 mL, 3.0 mmol) in 20 mL of CH3CN was 
added acetylene 17 (356 mg, 2.2 mmol) in 3 mL of CH3CN dropwise. The reaction mixture 
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was stirred at reflux for 5 hr. The solid was filtered and the filtrate was washed consecutively 
with saturated NH4Cl and brine, dried over Na2SO4 and concentrated. The crude product was 
purified by flash chromatography (ethyl acetate/hexane = 1:2) to give the title compound as 
yellow oil (241 mg, 72% yield). 
1H NMR (300 MHz, CDCl3) δ 10.60 (s, 1H), 10.56 (s, 1H), 9.68 (br s, 1H), 8.73 (s, 
1H), 7.56 (t, J = 8.1 Hz, 1H), 7.46 (s, 1H), 7.72 (d, J = 7.0 Hz, 1H), 7.04 (d, J = 8.4 Hz, 1H), 
3.98 (s, 3H), 2.48 (s, 3H), 2.44 (s, 3H). 
 
CHO
O
H
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(MeO)3CH, PPTS
63% O
H
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O
31
Acetal 31 
To a stirred solution of aldehyde 17 (178 mg, 1.11 mmol) in 10 mL of methanol were 
added (MeO)3CH (0.85 mL, 7.77 mmol) and PPTS (28 mg, 0.11 mmol). The reaction 
mixture was stirred at room temperature overnight. After the solvent was removed, the crude 
product was purified by flash chromatography (ethyl acetate/hexane = 1:2) to give the title 
compound as yellow oil (144 mg, 63% yield). 
1H NMR (300 MHz, CDCl3) δ 7.21 (t, J = 8.0 Hz, 1H), 7.13 (d, J = 8.5 Hz, 1H), 6.91 
(d, J = 8.2 Hz, 1H), 5.81 (s, 1H), 3.83 (s, 3H), 3.45 (s, 6H), 3.28 (s, 1H). 
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OTf
NHAc O
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 PdCl2(PPh3)2, CuI, DIPEA
CHO
+
CHO
NHAc
O
69%
O
O O O
18 31 32
Acetylene 32 
To a degassed solution of triflate 18 (866 mg, 2.66 mmol), PdCl2(PPh3)2 (56 mg, 0.08 
mmol), CuI (15 mg, 0.08 mmol) and DIPEA (1.40 mL, 8.0 mmol) in 50 mL of CH3CN was 
added acetylene 31 (778 mg, 3.77 mmol) in 5 mL of CH3CN dropwise. The reaction mixture 
was stirred at reflux for 5 hr. The solid was filtered and the filtrate was washed consecutively 
with saturated NH4Cl and brine, dried over Na2SO4 and concentrated. The crude product was 
purified by flash chromatography (ethyl acetate/hexane = 1:2) to give the title compound as 
yellow oil (700 mg, 69% yield). 
1H NMR (300 MHz, CDCl3) δ 10.59 (s, 1H), 8.92 (br s, 1H), 8.67 (s, 1H), 7.45 (s, 
1H), 7.32 (t, J = 7. 9Hz, 1H), 7.22 (d, J = 7.7 Hz, 1H), 6.95 (d J = 8.3 Hz, 1H), 5.83 (s, 1H), 
3.87 (s, 3H), 3.45 (s, 6H), 2.41 (s, 3H), 2.36 (s, 3H). 
 
CHO
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A mixture of acetylene 32 (445 mg, 1.16 mmol), and 1 M TBAF (1.4 mL, 1.4 mmol) 
in 40 mL of THF was stirred at reflux for 1.5 hr. Solvent was removed under reduced 
pressure. The residue was diluted with water and extracted with ethyl acetate. The ethyl 
acetate extract was dried over Na2SO4 and concentrated. The crude product was purified by 
flash chromatography (ethyl acetate/hexane = 1:2) to give the title compound as a yellow 
solid (167 mg, 46% yield). 
1H NMR (300 MHz, CDCl3): δ 10.51 (br., 1H), 10.21 (s, 1H), 7.48 (s, 1H), 7.43–7.45 
(m, 3H), 7.37 (t, J = 8.0 Hz, 1H), 6.94 (d, J = 8.2 Hz, 1H), 5.97 (s, 1H), 3.90 (s, 3H), 3.41 (s, 
6H), 2.54 (s, 3H). 
 
N
H
CHO
OO
O
N
CHO
O O
PTSA, MeOH
90%
33 34
Indole 34 
To a stirred solution of acetal 33 (170 mg, 0.5mmol) in 10 mL of methanol was added 
PTSA (8.6 mg, 0.05 mmol). The reaction mixture was stirred at reflux for 2 hr and 
concentrated. The crude product was purified by flash chromatography (ethyl acetate/hexane 
= 2:1) to give the title compound as yellow oil (138 mg, 90% yield). 
1H NMR (300 MHz, CDCl3) δ 10.18 (s, 1H), 7.649 (s, 1H), 7.49 (s, 1H), 7.47 (t, J = 
8.0 Hz, 1H), 7.39 (d, J = 8.0 Hz, 1H), 7.03 (d, J = 8.1 Hz, 1H), 6.76 (s, 1H), 6.63 (s, 1H),   
3.95 (s, 3H), 3.01 (s, 3H), 2.54 (s, 3H). 
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N
H
CHO
Ph
N
H
Ph
CO2Et
CO2Et
60%
CO2Et
CO2Et
/ Piperidine
24 36
Di-ester 36 
To a stirred solution of aldehyde 24 (47 mg, 0.20 mmol) in 10 mL of toluene were 
added diethyl malonate (0.137 mL, 0.24 mmol) and piperidine (0.01 mL, 1.0 mmol). The 
reaction mixture was stirred at 80 ℃ overnight. After cooling down, the reaction mixture was 
diluted with ethyl acetate, washed with NH4Cl, and brine and concentrated. The crude 
product was purified by flash chromatography (ethyl acetate/hexane = 2:1) to give the title 
compound as yellow oil (42 mg, 60% yield). 
1H NMR (300 MHz, CDCl3) δ 8.69 (br s, 1H), 8.183 (s, 1H), 7.65 -7.77 (m, 2H), 7.38 
– 7.44 (m, 2H), 7.29-7.34 (m, 1H), 7.95 (d, J = 4.9 Hz, 1H), 6.83 (s, 1H), 4.31–4.40 (m, 4H), 
2.38 (s, 3H), 1.28–1.39 (m, 6H). 
 
NHAc
CHO TMS trimethylsilyl acetylene, 
 PdCl2(PPh3)2, CuI, DIPEA
90%,
OTf
NHAc
CHO
18 38
Acetylene 38 
To a degassed solution of triflate 18 (273 mg, 1.0 mmol), PdCl2(PPh3)2 (21 mg, 0.03 
mmol), CuI (6 mg, 0.03mmol) and DIPEA (0.63 mL, 3.0 mmol) in 20 mL of THF was added 
trimethylsilyl acetylene (0.31 mL, 2.2 mmol) dropwise. The reaction mixture was stirred at 
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55 oC for 5 h. The solid was filtered and the filtrate was washed consecutively with saturated 
NH4Cl and brine, dried over Na2SO4 and concentrated. The crude product was purified by 
flash chromatography (ethyl acetate/hexane = 1:1) to give a yellow solid (191 mg, 80% 
yield), mp: 119-120 .    
1H NMR (300 MHz, CDCl3) δ 10.40 (s, 1H), 8.48 (s, 1H), 8.05 (br, 1H), 7.42 (s, 1H),  
2.38 (s, 3H), 2.22 (s, 3H), 0.31 (s, 9H); 13C NMR (75 MHz, CDCl3) δ 191.4, 168.4, 140.7, 
140.3, 135.9, 124.9, 122.7, 112.4, 109.5, 96.2, 25.0, 22.0, 0.0; MS (m/z) 273, 272, 259, 258, 
230, 217, 216, 202, 200, 172, 171; HRMS Calcd. for C15H19NO2Si: 273.1185, Found: 
273.1188. 
 
NHAc
CHO TMS
N
H
CHO
TBAF
34%
38 39
Indole 39 
A mixture of aldehyde 38 (190 mg, 0.80 mmol), and 1 M TBAF (2.4 mL, 2.4 mmol) 
in 10 mL of THF was stirred at reflux for 1 h. The solvent was removed under reduced 
pressure. The residue was diluted with water and extracted with ethyl acetate. The ethyl 
acetate extract was dried over Na2SO4 and concentrated. The crude product was purified by 
flash chromatography (ethyl acetate/hexane = 1:2) to give a yellow solid (43 mg, 34% yield), 
mp: 116-118 ℃.    
1H NMR (300 MHz, CDCl3) δ 10.22 (s, 1H), 8.55 (br s, 1H), 7.47 (s, 2H), 7.34-7.36 
(m, 1H), 7.27-7.29 (m, 1H), 2.53 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 193.5, 137.2, 131.5, 
129.2, 128.2, 127.2, 124.0, 117.8, 102.8, 21.5; MS (m/z) 160, 159, 158, 131, 130, 128, 103, 
77; HRMS Calcd. for C10H9NO: 159.0684, Found: 159.0686. 
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N
H
CHO
N
H
O
1) Ac2O, AlCl3
2) t-BuOK
71%, 2 steps
539
Enone 5 
To a suspension of AlCl3 (415 mg, 1.5 mmol) in 12 mL of dry CH2Cl2 was added 
acetic anhydride (0.14 mL, 3.0 mmol) dropwise with ice water bath cooling. The reaction 
mixture was stirred at room temperature for 15 min before cooling to -20 ℃. A solution of 
indole 39 (118 mg, 0.5 mmol) in 3 mL of dry CH2Cl2 was added dropwise. The mixture was 
stirred at the same temperature for 1 h and quenched by slow addition of crushed ice. The 
aqueous layer was extracted with CH2Cl2. The combined organic layer was washed with 
brine, NaHCO3, and concentrated. The crude product was purified by flash chromatography 
(ethyl acetate/hexane = 3:1) to give a yellow solid (64 mg, 72% yield), mp: 200-201 ℃. 
 1H NMR (300 MHz, acetone-d) δ 11.33 (s, 1H), 8.48 (br s, 1H), 7.65 (s, 1H), 7.62 (s, 
1H),  2.48 (s, 3H), 2.54 (s, 3H), 2.26 (s, 3H); 13C NMR (75 MHz, acetone-d) δ 195.5, 192.1, 
139.5, 137.1, 133.1, 130.4, 122.8, 122.1, 118.8, 117.5, 27.3, 20.5; MS (m/z) 201, 200, 173, 
172, 158, 157, 155, 129; HRMS Calcd. for C12H11NO2: 201.0790, Found: 201.0793. 
A mixture of the above made indole (15 mg, 0.075 mmol), and potassium tert-
butoxide (25 mg, 0.225 mmol) in 5 mL of THF was stirred for 30 min.  The solvent was 
removed and the residue was diluted with ethyl acetate, washed with brine, dried over 
Na2SO4, and concentrated.  The crude product was purified by flash chromatography (100% 
ethyl acetate) to give a yellow solid (13 mg, 98% yield), mp: 178-180 ℃. 
  1H NMR (300 MHz, CDCl3) δ 11.45 (br s, 1H), 8.12 (s, 1H), 7.71 (d, J = 9.5 Hz, 1H), 
7.49 (s, 1H), 7.40 (s, 1H), 6.73 (d, J = 9.4 Hz, 1H), 2.53 (s, 3H); 13C NMR (75 MHz, CDCl3) 
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δ 182.9, 138.9, 134.8, 133.8, 132.4, 131.8, 124.9, 124.1, 123.6, 116.1, 116.1, 22.2; MS (m/z) 
183, 182, 154, 153, 126; HRMS Calcd. for C112H9NO: 183.0684, Found: 183.0687. 
 
O
CO2H
sec-BuLi / TMEDA / I2
THF, -100 -> - 60 oC
O
CO2H
I51%
44 45
Iodide 45  
To a stirred solution of TMEDA (3.4 mL, 22.5 mmol) in 50 mL of dry THF was 
added 1.4 M s-BuLi (16.0 mL, 22.4 mmol) at -60 ℃. 2-Methoxybenzoic acid (1.45 g, 9.53 
mmol) in 10 mL of dry THF was added at -100 ℃ over 30 minutes. The reaction mixture 
was stirred at the same temperature for 30 minutes then warmed to -78 ℃ over 30 minutes. A 
solution of I2 in 10 mL of dry THF was added slowly until the brown color persisted. The 
reaction mixture was warmed to -60 ℃ and stirred for another hr before it was quenched by 
slow addition of saturated NH4Cl, followed by Na2SO3. The basic reaction mixture was 
extracted with ethyl acetate (30 mL X 2). Then the aqueous solution was acidified by 1 M 
HCl and extracted with ethyl acetate (50 mL X 3). The organic extracts were dried over 
Na2SO4 and concentrated. The crude product was purified by flash chromatography (ethyl 
acetate/hexane = 1:2) to give the title compound as a yellow solid (1.358 g, 51% yield), mp: 
129-131 ℃. 
1H NMR (300 MHz, CDCl3) δ 10.70 (br s, 1H), 7.44 (dd, J = 0.6, 7.8 Hz, 1H), 7.09 (t, 
J = 8.2 Hz 1H), 6.94 (d, J = 8.3 Hz, 1H), 3.87 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 172.7, 
156.9, 132.1, 131.4, 129.3, 111.1, 92.4, 56.4; MS (m/z): 279, 278, 277, 261, 260, 259, 231; 
HRMS Calcd. for C8H7IO3: 277.94400, Found: 277.94448. 
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O
CO2H
I
BH3
THF, reflux
O
I
OH
91%
45 45'
Alcohol 45’  
To a stirred solution of compound 45 (278 mg, 1.0 mmol) in 10 mL of dry THF was 
added 10 M BH3·Me2S (0.5 mL, 5.0 mmol) with ice water cooling. The reaction mixture was 
then stirred at room temperature for 30 minutes and at reflux overnight. After cooling down, 
the excess reagent was carefully quenched with 1 M HCl with ice water cooling. The reaction 
mixture was then extracted with ethyl acetate (30 mL X 3). The extracts was dried over 
Na2SO4 and concentrated. The crude product was purified by flash chromatography (ethyl 
acetate/hexane = 1:2) to give the title compound as clear oil (240 mg, 91% yield). 
  1H NMR (300 MHz, CDCl3) δ 7.44 (d, J = 7.7 Hz, 1H), 6.97 (t, J = 8.1 Hz 1H), 6.87 
(d, J = 8.4 Hz, 1H), 4.86 (s, 2H), 3.86 (s, 3H), 2.40 (br s. 1H); 13C NMR (75 MHz, CDCl3) δ 
158.2, 131.9, 131.7, 130.7, 111.0, 101.3, 65.5, 56.0; MS (m/z) 279, 278, 277, 261, 260, 259, 
231; HRMS Calcd. for C8H9IO2: 263.96473, Found: 263.96516. 
 
 
O
I
OH
PPh3 / Imid. / I2
ether, r.t.
O
I
I
89%
45' 46
Iodide 46 
To a stirred solution of imidazole (244 mg, 3.58 mmol) and PPh3 (764 mg, 2.91 mmol) 
in 20 mL of dry ether was added I2 (738 mg, 2.91 mmol) at 0 ℃. The reaction mixture was 
stirred at room temperature for 15 minutes, followed by slow addition of a solution of 
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compound 45’ (628 mg, 2.24 mmol) in 3 mL of dry ether. The reaction mixture was stirred at 
room temperature for 2 hr and was treated with saturated NaHSO3 solution. The separated 
organic layer was dried and concentrated. The crude product was purified by flash 
chromatography (ethyl acetate/hexane = 1:2) to give the title compound as a white solid (745 
mg, 89% yield), mp: 95-97 ℃.  
1H NMR (300 MHz, CDCl3) δ 7.41 (d, J = 5.9 Hz, 1H), 6.94 (t, J = 6.1 Hz, 1H), 6.81 
(d, J = 6.2 Hz, 1H), 4.65 (s, 2H), 3.90 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 157.6, 132.0, 
130.6, 130.1, 111.1, 101.5, 56.2, 8.1; MS (m/z) 373, 254, 253, 247, 246, 217, 216; HRMS 
Calcd. for C8H8I2O: 373.86647, Found: 373.86703. 
  
N
H
CHO
Ac2O / AlCl3
CH2Cl2, 0 oC
N
H
CHO O
65 66
Ketone 66 
To a stirred suspension of AlCl3 (667 mg, 5.0 mmol) in 10 mL of CH2Cl2 was added 
Ac2O (0.24 mL, 2.5 mmol) at 0 ℃. The reaction mixture was stirred at room temperature for 
15 minutes before a solution of 4-formylindole (65) (145 mg, 1.0 mmol) in 10 mL of CH2Cl2 
was added slowly at 0 ℃. The reaction mixture was stirred for 1 hr at 0 ℃ and quenched by 
the slow addition of crushed ice with ice water bath cooling. The aqueous layer was extracted 
with CH2Cl2. The combined organic layer was dried and concentrated. The crude product 
was purified by flash chromatography (ethyl acetate/hexane = 3:1) to give the title compound 
as a white solid (115 mg, 61% yield), mp: 183-184 ℃. 
1H NMR (300 MHz, acetone d6) δ 11.49 (br s, 1H), 11.32 (s, 1H), 8.54 (s, 1H), 7.81 
(d, J = 8.1 Hz, 1H), 7.80 (d, J = 7.6 Hz), 7.38 (t, J = 7.8 Hz, 1H), 2.56 (s, 3H); 13C NMR (75 
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MHz, acetone–d6) δ 205.7, 195.5, 192.4, 138.9, 137.5, 130.8, 124.0, 123.2, 121.6, 118.8, 
117.7, 27.4; MS (m/z) 187, 186, 160, 159, 158, 145, 144, 143; HRMS Calcd. for C8H7IO3: 
187.06333, Found: 187.06336. 
 
N
H
CHO O
t-BuOK
DMF, r.t.
N
H
O
66 67
Ketone 67 
To a solution of compound 66 (374 mg, 2.0 mmol) in 20 mL of DMF was added t-
BuOK (673 mg, 6.0 mmol) at room temperature. The reaction mixture was stirred at the same 
temperature overnight. After dilution with ethyl acetate, the reaction mixture was washed 
with water. The organic layer was dried and concentrated. The crude product was purified by 
flash chromatography (100% ethyl acetate) to give the title compound as a yellow solid (325 
mg, 96% yield), mp: 175 ℃ (decomposed). 
1H NMR (300 MHz, acetone–d6) δ 8.32 (s, 1H), 7.77 (d, J = 9.7 Hz, 1H), 7.72 (d, J = 
8.1 Hz), 7.56 (d, J = 7.2 Hz), 7.38 (t, J = 7.7 Hz, 1H), 6.53 (d, J = 9.7 Hz, 1H), 2.98 (br s, 
1H); 13C NMR (75 MHz, acetone–d6) δ 181.0, 137.6, 133.5, 132.9, 131.6, 126.3, 124.1, 
124.1, 122.4, 116.0, 115.2; MS (m/z) 170, 169, 168, 167, 141, 140, 139, 114, 113, 112; 
HRMS Calcd. for C11H7NO: 169.05276, Found: 169.05303. 
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N
H
O
67 62
46
Iodide 62 
To a solution of compound 67 (270 mg, 1.6 mmol) and iodide 46 (718 mg, 1.92 mmol) 
in DMF was added at room temperature KOH (135 mg, 2.4 mmol). The reaction mixture was 
stirred at room temperature for 3 hr. After dilution with ethyl acetate, the reaction mixture 
was washed with water. The organic layer was dried and concentrated. The crude product 
was purified by flash chromatography (100% ethyl acetate) to give the title compound as a 
yellow solid (611 mg, 92% yield), mp: 167-169 ℃. 
1H NMR (300 MHz, CDCl3) δ 7.91 (s, 1H), 7.81 (d, J = 8.1 Hz, 1H), 7.74 (d, J = 8.0 
Hz), 7.64 (d, J = 9.7, 1H), 7.51 (d, J = 7.6 Hz), 7.39 (t, J = 7.7 Hz, 1H), 7.07 (t, J = 8.1 Hz, 
1H), 6.90 (d, J = 8.3 Hz, 1H), 6.63 (d, J = 9.6 Hz, 1H), 3.74 (s, 3H); 13C NMR (75 MHz, 
CDCl3) δ 181.7, 158.7, 137.6, 134.5, 134.0, 132.9, 132.2, 132.2, 126.5, 125.9, 124.1, 123.9, 
123.0, 115.3, 114.0, 111.3, 102.9, 56.1, 50.8; MS (m/z) 416, 415, 414, 288, 247, 246; HRMS 
Calcd. for C19H14INO2: 415.00693, Found: 415.00747. 
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N
O
O
I Bu3SnH / AIBN
Toluene, reflux
N
O
O58%
62 63
Ketone 63 
To a boiling solution of iodide 62 in toluene was added a solution of n-Bu3SnH (0.48 
mL, 1.8 mmol) and AIBN (99 mg, 0.36 mmol) in 3 mL of toluene in 3 hr via syringe pump. 
The reaction mixture was kept at reflux for 3 more hr. After removal of the toluene, the 
residue was stirred for 1 hr with 10 mL of ether and 10 mL of saturated KF solution. The 
mixture was extracted with ether. The organic layer was dried and concentrated. The crude 
product was purified by flash chromatography (ethyl acetate/hexane = 3:1) to give the title 
compound as a yellow solid (100 mg, 58% yield), mp: 188-190 ℃.   
1H NMR (300 MHz, CDCl3) δ 8.25 (d, J = 5.7 Hz, 1H), 7.66 (d, J = 7.2 Hz, 1H), 
7.44-7.50 (m, 3H), 7.33 (t, J = 5.7 Hz, 1H), 6.95 (d, J = 6.2, 1H), 6.73 (d, J = 7.1 Hz, 1H), 
5.12 (s, 2H), 3.93 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 180.7, 154.7, 152.6, 137.0, 133.0, 
132.3, 131.2, 130.8, 130.6, 124.8, 123.6, 122.6, 118.1, 112.2, 112.2, 108.5, 55.7, 48.4; MS 
(m/z) 288, 287, 286, 273, 272, 271, 244, 243; HRMS Calcd. for C19H13NO2: 287.09463, 
Found: 287.09496. 
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DDQ
MeOH, -78 oC - r.t. N
O
OO
N
O
O
63 Demethyl HKI 0231B
Demethyl HKI 0231B 
To a solution of compound 63 (29 mg, 0.05 mmol) in 5 mL of methanol was added 
DDQ (34 mg, 0.15 mmol) at -78 ℃. The reaction mixture was stirred at -78 ℃ to room 
temperature overnight. The solvent was removed under reduced pressure. The crude product 
was purified by flash chromatography (ethyl acetate/hexane = 2:1) to give the title compound 
as a yellow oil (10 mg, 63% yield). 
1H NMR (300 MHz, CDCl3) δ 8.27 (d, J = 7.4 Hz, 1H), 7.72 (d, J = 9.7 Hz, 1H), 
7.66 (d, J = 8.0 Hz, 1H), 7.60 (t, J = 7.9 Hz, 1H), 7.51 (d, J = 7.5, 1H), 7.40 (t, J = 7.7 Hz, 
1H), 7.07 (d, J = 8.3 Hz, 1H), 6.84 (s, 1H), 6.74 (d, J = 9.6 Hz), 4.00 (s, 3H), 2.98 (s, 3H); 
13C NMR (75 MHz, CDCl3) δ 181.5, 156.3, 149.6, 137.9, 133.2, 132.9, 132.6, 131.2, 130.9, 
128.0, 125.0, 124.7, 122.9, 118.3, 113.5, 113.2, 109.3, 87.1, 56.1, 51.3; MS (m/z) 318, 317, 
316, 286, 285, 243, 242, 214; HRMS Calcd. for C20H15NO3: 317.10519, Found: 317.10585. 
 
 
N
O
OO
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O
O
O O
Demethyl HKI 0231B Demethyl HKI 0231A
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Demethyl HKI 0231A 
To a solution of demethyl HKI 0231B (13 mg, 0.04 mmol) in 5 mL of methanol was 
added DDQ (27 mg, 0.12 mmol) at room temperature. The reaction mixture was stirred at 
reflux overnight. The solvent was removed under reduced pressure. The crude product was 
purified by flash chromatography (ethyl acetate/hexane = 2:1) to give the title compound as a 
yellow oil (8 mg, 58% yield). 
1H NMR (300 MHz, CDCl3) δ 8.26 (d, J = 7.5 Hz, 1H), 7.72 (d, J = 9.3 Hz, 2H), 
7.62 (t, J = 7.9 Hz, 1H), 7.52 (d, J = 7.3 Hz, 1H), 7.41 (t, J = 7.6 Hz, 1H), 7.08 (d, J = 8.3 
Hz, 1H), 6.74 (d, J = 9.7 Hz, 1H), 4.00 (s, 3H), 3.02 (s, 6H); 13C NMR (75 MHz, CDCl3) δ 
181.8, 156.0, 147.0, 138.2, 134.1, 132.8, 132.6, 130.9, 130.2, 125.5, 125.1, 125.0, 123.1, 
118.6, 114.5, 114.1, 109.8, 56.2, 52.9; MS (m/z) 348, 347, 346, 318, 317, 316, 315, 301, 300, 
272; HRMS Calcd. for C21H17NO4: 347.11576, Found: 347.11632. 
 
 
N
O
O
DDQ
MeOH, reflux N
O
O
O O
63 Demethyl HKI 0231A
Demethyl HKI 0231A 
To a solution of compound 63 (20 mg, 0.07 mmol) in 5 mL of methanol was added 
DDQ (48 mg, 0.21 mmol) at room temperature. The reaction mixture was stirred at reflux 
overnight. The solvent was removed under reduced pressure. The crude product was purified 
by flash chromatography (ethyl acetate/hexane = 2:1) to give the title compound as a yellow 
oil (15 mg, 62% yield). 
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CHAPTER TWO 
 
SYNTHESIS OF ABEO-ERGOLINES AND THEIR ANALOGS 
 
1. Background and Introduction 
Ergot alkaloids, especially lysergic acid derivatives, are well known for their wide 
spectrum of pharmacological activities.1-3 For example, lysergic acid diethylamide (LSD) 
is a notorious psychoactive substance (Figure 1). Because of its importance, lysergic acid 
has been synthesized at least nine times. The synthesis of lysergic acid and its derivatives 
has recently been reviewed.4
Figure 1. Lysergic Acid and LSD 
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In the process of studying ergoline compounds, Bernardi accidentally found that 
treatment of 9-hydroxyergoline 1 with POCl3-pyridine yielded 5(10-9)abeo-ergoline 2 
(Scheme 1).5
Scheme 1. Preparation of 5(10-9)abeo-Ergolines from 9-Hydroxyergolines 
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The term of “abeo” is a Latin verb meaning “to go hence”. The use of the prefix 
“abeo” as an alternative application of nor- and homo- to the same molecule has found a 
wide acceptance especially in steroid chemistry (Scheme 2).6 
Scheme 2. Use of the Prefix “abeo” 
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As shown in Schemes 1 and 2, Bernardi initially suggested that this 
transformation goes through a process of POCl3 activation of the hydroxyl group of 9-
hydroxyergoline (1), and then a Merweein-Wagner rearrangement, followed by loss of a 
proton, gives abeo-ergoline (2). 
Later Mantegani carefully studied this transformation.6, 7 He pointed out that the 
antiperiplanar relationship between C9α-OH and the C5-C10 bond of 9-hydroxyergoline (1) 
indeed fulfiled the essential geometrical requirement for a Meerwein-Wagner 
rearrangement. However, such a mechanism could not explain the loss of chirality at C5 
of abeo-ergoline 2 as this chiral center was supposed to go through in the mechanism 
with retention.  
Mantegani then proposed another mechanism that could account for the loss of 
chirality at C5 position. Mantegani believed that a Grob fragmentation, via an internal 
cleavage to form intermediate 4, followed by a transannular cyclization yielded abeo-
ergolines (Scheme 3). This mechanism provides a better explanation for the formation of 
the diastereoisomeric products. 
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Scheme 3. Mantegani’s abeo-Ergoline Formation Mechanism 
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Aside from this semi-synthesis of abeo-ergolines from natural ergoline compound, 
Weinreb and coworkers reported an interesting synthetic attempt to lysergic acid, which 
unexpectedly led to a derivative of abeo-ergoline.8  
As shown in Scheme 4, they planned to achieve the six-membered ring on top of 
the indole through an intramolecular cyclization of an N-sulfonylaldimine with an olefin. 
To their surprise, a compound containing a seven-membered ring was obtained instead of 
the expected six–membered ring product. It was later proposed that the Lewis acid-
mediated cyclization did give intermediate 6. However, instead of formation of the Z-
alkene 7, an unexpected ring expansion occurred to yield the benzylic cation 8. Proton 
loss from 8 then provided 9, whose structure was proved by X-ray crystallography. 
Compound 9 could be further cyclized by a Mitsunobu reaction into a 1:1 mixture of 
diastereomeric tetracyclic alcohols 10. Compounds 10 were actually abeo-ergoline 
derivatives. 
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Scheme 4. Weinreb’s Unexpected Synthesis of abeo-Ergoline Derivative 
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Ergot derivatives interact non-selectively with mono-aminergic (adrenergic, 
dopaminergic and serotonergic) recognition sites because all ergot compounds possess 
the tetracyclic ergoline skeleton as a common structural element. Therefore, it is a 
challenge to develop therapeutic agents with sufficient selectivity for a single 
neurotransmitter from this class of compounds.7    
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Mantegani8 and Bolis9 have explored the possibility of identifying selective 
ligands of 5-HT1A receptor sites from both ergoline and abeo-ergoline classes. Both 
groups synthesized a series of abeo-ergoline compounds with a wide range of substitution 
patterns (Scheme 5). A structure-affinity relationship study concluded that some 
members of the abeo-ergoline family have high 5-HT1A affinity and selectivity and are 
potential therapeutic agents.  
Scheme 5. Abeo-Ergoline Family 
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Although one can prepare abeo-ergolines from derivatives of lysergic acid, this 
semi-synthesis actually turns enantiomeric substrates into diastereomeric mixtures, which 
is unwelcome in organic synthesis. Weinreb’s synthesis of the abeo-ergoline derivative 
was the only reported synthesis of this type of compound from a simple starting material. 
However, it is not an intended synthesis and only one example was reported. Furthermore, 
this synthesis gave the diastereomeric product, as it went through a similar mechanism to 
that described in Scheme 2.  
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Since no intentional synthesis from simple starting materials has been directed to 
abeo-ergolines, a new synthetic route towards this type of compounds is desirable. If a 
general enantioselective synthesis from readily available starting materials is developed, 
one will have enough materials available to study the structure-activity relationships of 
abeo-ergolines. 
Scheme 6. Retrosynthetic Analysis of abeo-Ergolines 
N
H
N
N
H
N
L
abeo-Ergoline
N
H
CO2R
N R2
O
N
H
CO2R
N R2
N
H
CO2Me
N R2
O
CHO
+
NH
HO
CO2H
trans-4-Hydroxy-L-proline
11 12
13
14
15
In our retrosynthetic analysis (Scheme 6), we believe that the representative abeo-
ergoline compound could be made from compound 11 by a base-mediated intramolecular 
cyclization. The group “L” of compound 11 is a leaving group, which can be made from 
the ester group of compound 12. Then the external double bond of compound 12 could be 
prepared from the carbonyl group of compound 13.  
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The next key disconnection was based on the belief that an aldol condensation 
between keto ester 14 and 4-formyl indole (15) would yield compound 13 with the right 
regioselectivity and diastereoselectivity. Keto ester 14 could be prepared from the chiral 
building block trans-4-hydroxy-L-proline in an enantioselective way.  
The aldol condensation between keto ester 14 and aldehyde 15 was the key step 
for the success of this synthesis. There are two possible sites for aldol condensation in 
keto ester 14. We expected that the aldol condensation would happen at the desired 
position because of the electronic effect. 
The reported cases of related system also revealed that the regioselectivity will 
likely be in our favor. Lubell reported that 4-oxoproline 16 could be regioselectively 
enolized with an excess of KHMDS and reacted with excess methyl iodide to obtain 
dimethylated proline derivative 17 in good yield (Scheme 7).10 
Scheme 7. Lubell’s Regioselective Alkylation of 4-Oxoproline 16 
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In his synthesis of kainoids, Baldwin also described that 4-oxoproline 18 could be 
selectively converted into one enamine. The enamine further reacted with tert-butyl 
bromoacetate to give the alkylated keto ester 19 in decent yield (Scheme 8).11 
Scheme 8. Baldwin’s Regioselective Alkylation of 4-Oxoproline 18 
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2. Results and Discussion 
Our synthesis started with trans-4-hydroxy-L-proline. As a hydroxylated natural 
amino acid, this compound is a versatile chiral building block in organic synthesis.12 As 
shown in Scheme 9, protection of the nitrogen atom of trans-4-hydroxy-L-proline with 
the benzylcarbonyloxy group gave compound 20, which was reduced with borane 
dimethyl sulfide complex to yield alcohol 21. Alcohol 21 was first protected with the 
tert-butyldimethylsilyl group and subjected to Swern oxidation to give ketone 22. Then 
the key aldol condensation reaction between ketone 22 and aldehyde 23 was attempted. 
Despite a number of successful precedents, various bases (LDA, KHMDS, t-BuOK) used 
did not produce the desired coupled compound 24. Complex mixtures were obtained 
instead. 
Scheme 9. Attempted Synthesis of abeo-Ergolines 
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Since the aldol condensation using selective formation of an enolate failed, our 
attention was turned to the possibility of an aldol condensation through an enamine. As 
shown in Scheme 10, trans-4-hydroxy-L-proline was esterified and N-protected to give 
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alcohol 25, which was oxidized with PCC to yield keto ester 26. Using the condition that 
was described by Baldwin,11 enamine 27 was produced. Nevertheless, the aldol 
condensation between this enamine and aldehyde 23 failed to give the desired product 28. 
Again, complex mixtures were obtained. 
Scheme 10. Second Attempted Synthesis of abeo-Ergolines 
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It seemed that an aldol condensation could not bring the two pieces together 
according to our initial retrosynthetic analysis. Fortunately, the literature revealed that 
there is an alternative.  
Scheme 11. Young’s Synthesis of Compound 32 from Enaminone 30 
NBoc
O
CO2tBu
tBuOCH(NMe2)2
(Bredereck's Reagent)
NBoc
O
CO2tBu
NBoc
O
CO2tBuNMe2
H
NMe2
H
RMgBr
(R = Ph or Me)
NBoc
O
CO2tBuR
H
29 30 31
32
 
 60
In his synthesis of kainoid analogues, Young reported that keto ester 29 could be 
regiospecifically converted to enaminone 30 when treated with t-butoxy 
bis(dimethylamino)methane (Bredereck’s reagent). Reaction of enaminone 30 with alkyl 
or aryl Grignard reagents led to an 1,4-addition / elimination sequence to yield compound 
32.13 Young argued that the fact that no 1,2-addition was observed may indicate the 
importance of the resonance form 31 in directing the regiospecifity of the reaction 
(Scheme 11). 
The reaction reported by Young was encouraging. This chemistry not only 
activates the α-carbon regiospecifically, it also gives the product with the desired 
geometry of the double bond.  
Scheme 12. Synthesis of Compound 37 
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As shown in Scheme 12, the revised synthesis also started with trans-4-hydroxy-
L-proline. Standard protection and oxidation steps gave keto ester 33 in 83% overall yield. 
Compound 33 was then stirred at reflux with Bredereck’s reagent in DME to give 
enaminone 34 in 78% yield. In the next key step, we used a slightly modified version of 
Young’s condition, as it is hard to make complex Grignard reagents. We speculated that 
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lithium reagents would also do the job. Indeed, after a solution of lithium reagent 35, 
which was prepared from lithium-halogen exchange, was added dropwise to compound 
34, the desired adduct 36 was isolated in 65% yield. The stereochemistry of product 36 
was proved by 2D NMR specta. This sequence quickly put all the necessary carbons 
together with the desired stereochemistry. With compound 36 in hand, the next move was 
to convert the carbonyl group to an external double bond. However, when compound 36 
was subjected to standard Wittig reaction condition, the desired product 37 was produced 
in only a 28% yield. Changing to different bases did not improve the yield. 
Although the Wittig reaction was not efficient, we could try other possible 
reactions to optimize this step. Once this transformation is achieved, a reaction with LAH 
could concurrently reduce the ester and carbamate moieties of compound 37 to give 
alcohol 38. Then the alcohol 38 could be converted to iodide 39. After deprotection of the 
methoxymethyl group, a base-mediated cyclization could then finish the synthesis of the 
target abeo-ergoline (Scheme 13). If successful, this synthetic route could serve as a 
general enantioselective approach towards abeo-ergoline family. 
Scheme 13. Future Work to Synthesize Abeo-Ergoline 
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In summary, we developed an efficient synthesis of compound 37, which holds all 
the necessary carbons of the target abeo-ergolines. This route was first highlighted by the 
use of trans-4-hydroxy-L-proline as the starting material, which could allow an 
enantioselective synthesis of abeo-ergolines. Secondly, the reaction of enaminone with a 
lithium reagent nicely bring two pieces of compounds together, with the right 
regiostereochemistry. If successful, this synthesis could serve as a general 
enantioselective approach towards the abeo-ergoline family. 
 
At the same time, we also wanted to prepare simpler analogs of abeo-ergoline 
compounds. According to studies by the Bolis group, the basic requirements for the 
biological activities of both ergolines and abeo-ergolines are: an indole aromatic ring and 
a basic nitrogen atom on the top of either a 6-membered ring or a 7-membered ring.9 If 
that is the case, it will justify simpler synthetic targets as shown in Scheme 14. 
Scheme 14. Simplified Synthetic Target – Abeo-Ergoline Analogs 
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The first synthetic target was the amino ester 41. According to our retrosynthetic 
analysis, compound 41 could be made from amino ketone 42, which could be made from 
ketone 43. An intramolecular cyclization was expected to prepare ketone 43 from acid 44. 
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Then acid 44 could be made from 4-formyl indole (45) through Stobbe condensation 
(Scheme 15). 
Scheme 15. Retrosynthetic Analysis of Amino Ester 41 
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Our synthesis of the analog 41 started with an evaluation of the Stobbe 
condensation reaction between aldehyde 45 and diethyl succinate. As shown in Scheme 
16, when standard Stobbe condensation condition was applied, two diastereomeric 
isomers 46 and 47 were obtained in a 47% yield with a 2.4:1 ratio in favor of the desired 
product 46. 
Scheme 16. Stobbe Condensation between Aldehyde 45 and Diethyl Succinate 
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The yield of the Stobbe condensation was lower than we had expected. We 
suspected that the unprotected indole nitrogen was the cause. Once it was deprotonated 
under the basic conditions, the aromatic ring of compound 45 would be very electron rich. 
This would make the carbonyl group less electrophilic, which retarded the Stobbe 
condensation. Our assumption was supported by the fact that the condensation between 
the N-protected aldehyde 48 and diethyl succinate gave a much better yield. The 
diastereoselectivity also improved as only the desired product 49 was isolated (Scheme 
17). 
Scheme 17. Stobbe Condensation between Aldehyde 48 and Diethyl Succinate 
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With acid 49 in hand, attention was then turned to the intramolecular cyclization 
reaction. Boron trifluoride etherate and trifluoroacetic anhydride were used to promote 
the cyclization. The cyclized product 51 was obtained after the reaction mixture was 
stirred from 0 ℃ to room temperature. However, the yield of this reaction was only 17%. 
Changing reaction variables, such as temperature, solvent and reagent addition sequence, 
did not improve the yield.  
In a second attempted cyclization, we first tried to convert acid 49 to the 
corresponding acid chloride using chloroenamine 50, which has the advantage of 
providing the acid chloride in a neutral conditions.14,15 Unfortunately, the AlCl3-mediated 
cyclization only gave a slightly better yield (Scheme 18). 
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Scheme 18. Intramolecular Cyclization Reaction of Acid 49 
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With application of harsher cyclization conditions (Scheme 19), a compound 
other than the desired product 51 was isolated in 79% yield. This compound was 
identified as compound 52 – the product of the other possible cyclization reaction. The 
regioselectivity of this reaction may be due to the fact that compound 52 is more stable 
because of its extended aromaticity. Therefore, it was produced at higher temperatures as 
the thermodynamically more favored product. 
Scheme 19. Intramolecular Cyclization Reaction of Acid 49 
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Since the cyclization reaction of acid 49 was unsatisfactory, other possible 
strategies to construct the seven membered ring were evaluated. As shown in Scheme 20, 
the dianion of diester 54 was reacted with dialdehyde 53 to give the product 55 in 21% 
yield. While this reaction gave the desired skeleton, the yield was low. Furthermore, 
when unsymmetrical diesters are used, there will be a problem of regioselectivity.    
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Seebach and coworkers studied the dianion of 3-nitropropanoate 56. Once 
deprotonated with two equivalents of LDA, the dianion could be alkylated and hydroxy-
alkylated by alkyl halides and aldehydes at the α-carbonyl position exclusively.16,17 We 
hoped that this reagent would solve the regioselectivity problem. The more reactive anion 
is supposed to react with the more reactive formyl group at C4 and the less reactive anion 
reacts with the other formyl group to construct the seven membered ring in a controlled 
manner. However, no target product 57 was produced when this dianion was reacted with 
the dialdehyde 53. Changing to other bases did not make any difference (Scheme 20). 
Scheme 20. Dianion Chemistry 
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Because the planned route failed to produce the seven membered ring, another 
strategy was devised. This time we used an intramolecular aldol condensation to 
construct the seven membered ring. In the preparation of diester 53, a new reagent 52 was 
used. Compound 52 was first developed by Martin and later demonstrated by Boger to be 
a useful reagent in the context of organic synthesis.18-20 Indeed, the Wadsworth-Horner-
Emmons reaction between aldehyde 48 and 52 gave the desired E-isomer 53 exclusively 
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in 91% yield. With compound 53 in hand, a Vilsmeier-Haack formylation gave 
compound 54 in 90% yield, which was cyclized in a t-BuOK-mediated aldol 
condensation and dehydration to produce compound 55 in 92% yield. Therefore, the 
skeleton of the abeo-ergoline analog was constructed in only three steps (Scheme 21). 
Scheme 21. New Strategy for Skeleton Construction 
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After the successful preparation of the key skeleton, our attention turned to the 
necessary functional group manipulations. When compound 55 was subjected to TFA for 
deprotection of t-butyl ester group, no clean product was obtained. The addition of the 
sacrificing agent like anisole did not give a better result. 
This difficulty was circumvented by a hydrogenation and TFA deprotection 
sequence, which cleanly afforded acid 57 as the only product in 87% yield over two steps 
(Scheme 22). The stereochemistry of compounds 56 was tentatively assigned to be trans-
substitution as the NMR data were not conclusive. The assignment was based on the fact 
that the two double bonds were reduced in a stepwise fashion. After reduction of the first 
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double bond, A-strain could force the catalyst to come from the less hindered ester side, 
which resulting in the trans product. 
Acid 57 was then subjected to standard Curtius rearrangement condition, i.e. 
stirred at reflux in toluene with DPPA and Et3N, followed by quenching with benzyl 
alcohol, to give the Cbz-protected amino ester 58 in 86% yield. Finally, a straightforward 
hydrogenation reaction deprotected compound 58 to give the desired amino ester 59 in 
65% yield (Scheme 22). 
 Scheme 22. Synthesis of Abeo-Ergoline Analog 
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The Synthesis of compound 59 finished the first analog of abeo-ergolines. With 
some modifications, this strategy could be used to synthesize related abeo-ergoline 
analogs. As shown in Scheme 23, ketone 61 could be made from aldehyde 60 by LDA-
mediated cyclization followed by oxidation. Then deprotection of the tert-butyl ester and 
Curtius rearrangement could give aminoketone 62 after deprotection of the carbamate 
group. 
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Scheme 23. Proposed Synthesis of Compound 62 
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Another possible modified synthetic route towards abeo-ergoline analogs is 
described in Scheme 24. Aldehyde 63 could react with Wadsworth-Horner-Emmons 
reagent 64 to give compound 65. Using chemistry discussed in Schemes 21 and 22, abeo-
ergoline analog 66 with different substitution pattern could be synthesized. 
Scheme 24. Proposed Synthesis of Compound 66 
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In summary, we constructed an abeo-ergoline analog in a very efficient route. The 
synthesis featured a stereoselective Wadsworth-Horner-Emmons reaction and 
intramolecular aldol condensation to construct the cycloheptannulated indole skeleton. 
This strategy is flexible enough to allow us to generate a series of abeo-ergoline analogs 
with different substitution patterns and rigidity for biological evaluations. 
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3. Experimental Section  
 
Materials and Methods 
Unless stated otherwise, reactions were performed in flame dried glassware under 
a argon atmosphere, using freshly distilled solvents. Air and moisture sensitive reagents 
were transferred via syringe or cannula. Diethyl ether and tetrahydrofuran were distilled 
from sodium and benzophenone ketyl. Methylene chloride, benzene, toluene and 
diisopropyl amine were distilled from calcium hydride. All other commercially obtained 
reagents were used as received. 
Unless stated otherwise, all reactions were magnetically stirred and monitored by 
thin-layer chromatography (TLC) using Sigma-Aldrich silica gel F254 precoated plates 
(0.25mm). Column or flash chromatography was performed with the indicated solvents 
using silica gel (230-400 mesh) purchased from Dynamic Adsorbents, LLC. All melting 
points were obtained on a Laboratory Devices capillary melting point apparatus and are 
uncorrected. 1H and 13C NMR spectra were recorded on a Bruker VXR-300 (300 MHz) 
or a Bruker VXR-400 (400 MHz) spectrometer. Chemical shifts are reported relative to 
internal chloroform (1H, 7.26 ppm; 13C, 77.23 ppm). High resolution mass spectra were 
performed at the Iowa State University Mass Spectrometry Laboratory.  
 
Preparative Procedures 
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Acid 20 
To a solution of trans-4-hydroxy-L-proline (1.5 g, 11.44 mmol) in 25 mL of dry 
CH2Cl2 were added DIPEA (6.56 mL, 37.8 mmol) and TMSCl (6.56 mL, 51.5 mmol) 
slowly at rt with stirring, and the solution was refluxed for 1.5 hr. Benzyl chloroformate 
.56 mL, 10.9 mmol) was added dropwise at 0 ℃ . The solution was stirred at rt 
t. The reaction mixture was concentrated and dissolved in 100 mL of 2.5% 
NaHCO
lcohol 21 
g, 5.0 mmol) in 50 mL of dry THF 
was added 10 M BH oling. The reaction 
mixture was then stirred at rt for 30 m
ater cooling. The 
ture was then extracted with ethyl acetate (50 mL X 3). The extracts was 
(1
overnigh
3 solution. The aqueous layer was first washed with ether (30 mL X 3), which 
was back washed with water (20 mL X 2). The combined aqueous layers were acidified 
with 2N HCl to pH 2. This solution was extracted with ethyl acetate. The ethyl acetate 
extract was dried over Na2SO4 and concentrated to give a yellow oil (1.04 g, 78% yield), 
which was used without further purification.21
1H NMR (300 MHz, CDCl3) δ 7.26-7.31 (m, 5H), 5.08-5.11 (m, 2H), 4.42-4.53 
(m, 2H), 3.56-3.59 (m, 2H), 2.09-2.33 (m, 2H). 
 
NCbz
HO HO
A
To a stirred solution of compound 20 (1.32 m
3·Me2S (1.0 mL, 10.0 mmol) with ice water co
inutes and at reflux for 5 hours. After cooling, the 
excess reagent was quenched with 1 M HCl carefully with ice w
reaction mix
CO2H
BH3.M NCbz
OH
e2S
2120
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dried o
Ketone 22 
 of dry CH2Cl2 
were added TBSCl (294 m 3N (0.54 mL, 
. The reaction mixture 
was dilu acetate was dried over 
 concentrated to give clear oil (474 mg, 87% yield), which was used without 
further 
ure for 30 minutes before Et3N (3.48 mL, 25 mmol) was added. The 
reaction
NCbz
ver Na2SO4 and concentrated to give the title compound as pale yellow oil (1.0 g, 
80% yield), which was used without further purification. 
1H NMR (300 MHz, CDCl3) δ 7.31 (br., 5H), 5.08 (s, 2H), 4.04-4.60 (m, 2H), 
3.39-3.68 (m, 4H), 1.96-2.01 (m, 1H), 1.66-1.71 (m, 1H). 
 
 
OHO
To a stirred solution of alcohol 21 (376 mg, 1.5 mmol) in 20 mL
g, 1.95 mmol), DMAP (18mg, 0.15 mmol) and Et
3.9 mmol) at rt. The reaction solution was stirred at rt overnight
ted with ethyl acetate and washed with brine. The ethyl 
Na2SO4 and
purification. 
To a stirred solution of oxalyl chloride (0.44 mL, 5.0 mmol) in 12 mL dry CH2Cl2 
was added DMSO (0.70 mL, 10.0 mmol) dropwise at -78 ℃ and stirred at the same 
temperature for 15 minutes. The above-made TBS-protected alcohol (366 mg, 1.0 mmol) 
in 3 mL of dry CH2Cl2 was added dropwise at -78 ℃. Then reaction mixture was stirred 
at the same temperat
 solution was stirred for 15 minutes and poured into 50 mL 1:1 brine and 
NaHCO3 solution. The reaction was extracted with ethyl acetate (50 mL X 3) and the 
combined extracts were dried over Na2SO4 and concentrated. The crude product was 
OH
1) TBSCl, Et3N, DMAP
2) Swern [O]
NCbz
OTBS
2221
 
 73
purified by flash chromatography (ethyl acetate/hexane = 1:2) to give the title compound 
as clear oil (275 mg, 75% yield). 
1H NMR (300 MHz, CDCl3) δ 7.34 (br s, 5H), 5.21 (s, 2H), 4.37-4.46 (m, 1H), 
3.70-4.07 (m, 3H), 3.53-3.57 (m, 1H), 2.61-2.70 (m, 1H), 3.53-3.57 (m, 1H), 2.39-2.45 
(m, 1H), 0.82 (s, 9H), -0.05-0.01 (m, 6H). 
 
HO HO
Alcohol 25 
mmol) slowly at 0 ol) in 5 
mL of me ℃ for 
 then concentrated to give a solid. The crude product was recrystillized from 
methan
ight. The reaction mixture was concentrated and the 
residue
trans-4-hydroxy-L-proline
To stirring 25 mL of dry methanol was added thionyl chloride (5.0 mL, 68.5 
℃. A solution of trans-4-hydroxy-L-proline (3.5 g, 26.7 mm
thanol was added slowly at 0 ℃. The reaction mixture was stirred at 45 
16 hours and
ol-ether to give the hydrochloride salt as a solid (4.02g, 83%), which was used 
without further purification.22    
To a stirred solution of the above hydrochloride salt (1.0 g, 5.5 mmol) in 10 mL 
1:1 THF/H2O was added solid NaHCO3 (0.97 g, 11.57 mmol) at 0 ℃. PhCOCl (0.7 mL, 
6.0 mmol) in 1.5 mL THF was added dropwise at the same temperature. The reaction 
solution was stirred at rt overn
 was taken up by chloroform (50 mL). The aqueous layer was washed further with 
chloroform (30 mL X 3). The combined chloroform was dried over Na2SO4 and 
concentrated. The crude product was purified by flash chromatography (ethyl 
acetate/hexane = 1:2) to give the title compound as clear oil (1.25 g, 91% yield).23 
NH
CO2H
NCOPh1) SOCl2, MeOH
2) PhCOCl, NaOH
CO2Me
25
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1H NMR (300 MHz, CDCl ) δ 7.20-7.34 (m, 5H), 4.54-4.57 (m, 1H), 4.43-4.44 
(m, 1H), 4.13 (br., 1H), 3.47-3.56 (m, 3H), 3.20-3.23 (m, 1H), 1.99-2.16 (m, 1H), 1.77-
1.86 (m, 1H). 
 
3
 
Ketone 26 
in 30 mL of dry CH2Cl2 
was added PCC (759 m  at 0 ℃. The reaction 
mixture as stirred at rt f t was removed. The 
ct was purified by flash chromatography (ethyl acetate/hexane = 1:2) to give 
the title
 
Ketone 33 
Ketone 33 % for three steps. 
NCOPh
HO O
To a stirred solution of alcohol 25 (400 mg, 1.6 mmol) 
g, 3.52 mmol) together with 760 mg Celite®
or 6 hours. Solid was filtered before solven
crude produ
 compound as clear oil (244 mg, 62% yield).  
1H NMR (300 MHz, CDCl3) δ 7.24-7.31 (m, 5H), 5.11-5.14 (m, 1H), 3.80-3.95 
(m, 2H), 3.61 (s, 3H), 2.80-2.90 (m, 1H), 2.46-2.53 (m, 1H); 13C NMR (75 MHz, CDCl3) 
δ 207.2, 171.6, 170.4, 134.9, 130.7, 128.6, 127.0, 55.4, 55.2, 52.8, 39.9. 
 
 was prepared in the same method ketone 26 in 83
CO2Me
NCOPhPCC
CO2Me
25 26
NH
CO2H
HO
NBoc
CO Allyl2
O
3 Steps
83%
trans-4-hydroxy-L-proline 33
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1H NMR (300 MHz, CDCl3) δ 5.83-5.85 (m, 1H), 5.22-5.33 (m, 2H), 4.70-4.82 
(m, 1H 43-
1.46 (a
Enaminone 34’ 
 DME was added t-
ino)methane (2.81 mL, 13.6 mmol). The solution was stirred at 
reflux 
4 (s, 6H), 1.37-1.40 (app. d, 9H). 
 
Enone 36 
NBoc
), 4.58 (s, 2H), 3.86-3.89 (m, 2H), 2.88-2.99 (m, 1H), 2.55-2.59 (app. d, 1H), 1.
pp. d, 9H). 
 
O O
To a solution of ketone 33’ (1.84 g, 6.8 mmol) in 30 mL
butoxy bis(dimethylam
for 3 hours. The reaction mixture was concentrated. The crude product was 
purified by flash chromatography (ethyl acetate) to give the title compound as yellow oil 
(1.72 g, 78% yield). 
1H NMR (300 MHz, CDCl3) δ 7.29 (s, 1H), 5.28-5.39 (app. d, 1H), 3.80-3.86 (m, 
2H), 3.62 (s, 3H), 3.1
CO2Me
NBoctBuOCH(NMe2)2
CO2MeNMe2
78%
33' 34'
Li
NBoc
CO2Allyl
O
NMe2 NMOM
NBoc
O
CO2Allyl
N
MOM
65%
34
35
36
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To a solution of MOM-protected 4-bromoindole (504 mg, 2.1 mmol) in 5 mL of 
dry TH
MHz, CDCl3) δ 8.06 (s, 1H), 7.84-7.92 (app. dd, 1H), 7.54 (t, J = 
8.2 Hz,
Diene 37 
 a solution of triphenylmethylphosphonium iodide (101 mg, 0.25 mmol) in 8 
mL of 
F was added 2.1 M n-BuLi (1.2 mL, 2.52 mmol) dropwise at -78 ℃. The solution 
was stirred at the same temperature for 30 minutes. This solution was then added 
dropwise to a solution of enaminone 36 (323 mg, 1.0 mmol) in 10 mL dry THF at -78 ℃. 
The reaction mixture was stirred at -78 ℃ for another 5 hours before it was quenched 
with NH4Cl. After warming to rt, the reaction mixture was diluted with ethyl acetate, 
washed with NH4Cl, brine and concentrated. The crude product was purified by flash 
chromatography (ethyl acetate/hexane = 2:1) to give the title compound as yellow oil 
(287 mg, 65% yield). 
1H NMR (300 
 1H), 7.22-7.32 (m, 2H), 6.69-6.71 (m, 1H), 5.57-5.79 (m, 2H), 5.39 (s, 2H), 5.01-
5.17 (m, 2H), 4.41-4.52 (m, 2H), 3.97-4.13 (m, 2H), 3.15 (s, 3H), 1.46 (s, 9H). 
 
O
N
MOM
NBoc
CO2Allyl
N
MOM
NBoc
CO2AllylPh3P+Me I-, t-BuOK
28%
36 37
To
dry THF was added t-BuOK (28 mg, 0.25 mmol) at 0 ℃. The solution was stirred 
at rt for 30 minutes. A solution of enone 36 (88 mg, 0.20 mmol) in 2 mL of dry THF was 
added at 0 ℃ and stirred at the same temperature for 5 minutes. The reaction mixture was 
quenched with water at 0 ℃. The reaction mixture was diluted with ethyl acetate, washed 
with NH4Cl, brine and concentrated. The crude product was purified by flash 
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chromatography (ethyl acetate/hexane = 1:1) to give the title compound as yellow oil (25 
mg, 28% yield). 
1H NMR (300 MHz, CDCl3) δ 7.61-7.66 (m, 1H), 7.42-7.49 (m, 1H), 7.23-7.33 
(m, 2H
Acid 46 
 a solution of aldehyde 45 (145 mg, 1.0 mmol) and diethyl succinate (0.25 mL, 
1.5 mm
 NMR (300 MHz, CDCl3) δ 8.21 (s, 1H), 7.48-7.51 (m, 1H), 7.40-7.44 (m, 1H), 
7.12-7.
), 6.63 (s, 1H), 5.51-5.63 (m, 1H), 5.46 (s, 2H), 5.05-5.43 (m, 3H), 4.31-4.48 (m, 
2H), 4.29 (br., 2H), 3.24 (s, 3H), 1.41-1.46 (app. d, 9H). 
 
To
ol) in 10 mL t-BuOH was added t-BuOK (270 mg, 2.4 mmol). The reaction 
mixture was stirred at reflux for 6 hours. Solvent was removed and the crude product was 
purified by flash chromatography (ethyl acetate/hexane = 1:2) to give the title compound 
as yellow oil (112 mg, 41% yield) together with the other diastereoisomer as the minor 
product. 
1H
20 (m, 2H), 6.57 (br., 1H), 4.27 (q, J = 7.1 Hz, 2H), 3.58 (s, 2H), 1.33 (t, J = 7.1 
Hz, 3H). 
 
N
CHO
CO2Et
CO2Et
/ t-BuOK
t-BuOH, reflux N
CO2Et
CO2H
52%
48 49
N
H
CHO
CO2Et
CO2Et
/ t-BuOK
t-BuOH, reflux N
H
CO2Et
CO H2
45
47%
46
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Acid 49 
To a solution of aldehyde 48 (207 mg, 1.3 mmol) and diethyl succinate (0.33 mL, 
1.95 mmol) in 15 mL of  t-BuOH was added t-BuOK (292 mg, 2.6 mmol). The reaction 
mixture was stirred at reflux for 6 hours. Solvent was removed and the crude product was 
purified by flash chromatography (ethyl acetate/hexane = 1:2) to give the title compound 
as yellow oil (195 mg, 52% yield). 
1H NMR (300 MHz, CDCl3) δ 10.87 (br., 1H), 8.31 (s, 1H), 7.35 (d, J = 8.1 Hz), 
7.26 (t, J = 8.1 Hz, 1H), 7.15 (d, J = 7.1 Hz, 1H), 7.11 (d, J = 3.1 Hz, 1H), 6.55 (d, J = 
2.9 Hz, 1H), 4.36 (q, J = 7.1 Hz, 2H), 3.79 (s, 3H), 3.67 (s, 2H), 1.39 (t, J = 7.1 Hz, 3H); 
13C NMR (75 MHz, CDCl3) δ 178.0, 167.7, 140.9, 136.8, 129.7, 127.9, 127.0, 125.7, 
121.5, 119.7, 110.4, 99.6, 61.3, 34.3, 33.0, 14.3. 
 
BF3 OEt2, (CF3CO)2O.
CH2Cl2, 0oC - r.t.
17%
N
CO2Et
CO2H
N
EtO2C
O
49 51
Ketone 51 
To a stirred solution of acid 49 (100 mg, 0.35 mmol) in 10 mL of dry CH2Cl2 
were added boron trifluoride etherate (0.13 mL, 1.05 mmol) and trifluoroacetic anhydride 
(0.15 mL, 1.05 mmol) at 0 ℃. The reaction mixture was stirred from 0 ℃ to rt for 1 hour. 
Solvent was removed and the crude product was purified by flash chromatography (ethyl 
acetate/hexane = 1:1) to give the title compound as yellow oil (16 mg, 17% yield). 
1H NMR (300 MHz, CDCl3) δ 8.01 (s, 1H), 7.86 (s, 1H), 7.43 (t, J = 6.2 Hz, 1H), 
7.35 (d, J = 5.7 Hz, 2H), 4.31 (q, J = 9.4 Hz, 2H), 3.90 (s, 3H), 1.38 (t, J = 9.6 Hz, 3H); 
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13C NMR (75 MHz, CDCl3) δ 189.3, 167.7, 139.0, 137.2, 133.7, 128.2, 126.6, 124.8, 
123.2, 123.1, 118.1, 112.1, 61.6, 44.0, 33.9, 14.5. 
 
 
N
CO2Et
CO2H
N
EtO2C
OCl N
CH2Cl2, r.t. CH2Cl2, 0oC - r.t.
AlCl3
22%
49
50
51
Ketone 51 
To a stirred solution of acid 49 (287 mg, 1.0 mmol) in 10 mL of dry CH2Cl2 was 
added chloroenamine 50 (0.20 mL, 1.5 mmol) at rt. The reaction solution was stirred at rt 
for 1 hour before AlCl3 (400 mg, 3.0 mmol) was added at 0 ℃. The reaction mixture was 
stirred at 0 ℃ for 3 hours and quenched by slow addition of crushed ice. The aqueous 
layer was extracted with CH2Cl2 (30 mL X3). The combined organic layer was washed 
with brine, NaHCO3, and concentrated. The crude product was purified by flash 
chromatography (ethyl acetate/hexane = 1:1) to give a yellow oil (59 mg, 21% yield). 
 
 
Ac2O, reflux
79% N
NaOAc
AcO
CO2Et
N
CO2Et
CO2H
49 52
Ester 52 
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To a solution of acid 49 (154 mg, 0.54 mmol) in 10 mL of acetic anhydride was 
added sodium acetate (53 mg, 0.65 mmol). The reaction mixture was stirred at reflux for 
3 hours. Solvent was removed before the residue was taken with ethyl acetate. The ethyl 
acetate was washed with brine, NaHCO3, and concentrated. The crude product was 
purified by flash chromatography (ethyl acetate/hexane = 1:2) to give yellow oil (133 mg, 
79% yield). 
1H NMR (300 MHz, CDCl3) δ 8.89 (s, 1H), 7.79 (d, J = 1.4 Hz, 1H), 7.61 (d, J = 
9.2 Hz, 1H), 7.54 (d, J = 9.2 Hz, 1H), 7.12 (d, J = 3.0 Hz, 1H), 7.07 (d, J = 2.9 Hz, 1H),  
4.46 (q, J = 7.1 Hz, 2H), 3.79 (s, 3H), 2.49 (s, 3H), 1.46 (t, J = 7.1 Hz, 3H); 13C NMR (75 
MHz, CDCl3) δ 169.6, 166.6, 147.4, 133.5, 128.9, 128.2, 127.2, 124.6, 124.5, 123.8, 
115.5, 114.9, 113.9, 100.9, 61.3, 33.2, 21.1, 14.5. 
 
N
CHO
(EtO)2P CO2Et
CO2tBu
O
N
CO2Et
CO2tBu
+
NaH
91%
48 52 53
Ester 53 
To a solution of tert-butyl 3-carboxyethyl-3-phosphonodiethylpropionate 52 (1.4 
g, 4.5 mmol) in 15 mL of dry THF was added 60% NaH (200 mg, 5.0 mmol) at 0 ℃. The 
reaction mixture was stirred at rt overnight. Aldehyde 48 (318 mg, 2.0 mmol) in 3 mL of 
dry THF was added dropwise at 0 ℃. The reaction mixture was stirred at rt for 16 hours 
before quenched with NH4Cl. The reaction mixture was diluted with ethyl acetate, 
washed with brine, NaHCO3, and concentrated. The crude product was purified by flash 
chromatography (ethyl acetate/hexane = 1:2) to give clear oil (548 mg, 91% yield). 
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1H NMR (300 MHz, CDCl3) δ 10.24 (s, 1H), 8.24 (s, 1H), 7.31 (d, J = 8.0 Hz, 
1H), 7.24 (d, J = 7.8 Hz, 1H), 7.15 (d, J = 7.1 Hz, 1H), 7.08 (d, J = 3.0 Hz, 1H), 6.55 (d, 
J = 3.0 Hz, 1H),  4.33 (q, J = 7.1 Hz, 2H), 3.76 (s, 3H), 3.53 (s, 2H), 1.49 (s, 9H), 1.38 (t, 
J = 7.1 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 170.8, 167.9, 139.7, 136.8, 129.5, 128.0, 
127.6, 127.0, 121.5, 119.8, 110.1, 99.8, 80.8, 61.0, 35.7, 33.1, 28.2, 14.5. 
 
 
N
CO2Et
CO2tBu
N
CO2Et
CO2tBu
CHOPOCl3, DMF
90%
53 54
Aldehyde 54 
To stirring 8 mL of DMF was added POCl3 (0.20 mL, 2.23 mmol) dropwise at 0 
℃. After stirred at the same temperature for 10 minutes, ester 53 (640 mg, 1.86 mmol) in 
2 mL of DMF was added. The reaction mixture was stirred at 30 ℃ for 45 minutes. Then 
crushed ice was added to quench the reaction. 10 mL of 1N NaOH was added and the 
reaction mixture was stirred at 30 ℃ for 15 minutes. The reaction mixture was diluted 
with ethyl acetate, washed with brine, NaHCO3, and concentrated. The crude product was 
purified by flash chromatography (ethyl acetate/hexane = 3:1) to give yellow oil (619 mg, 
90% yield). 
1H NMR (300 MHz, CDCl3) δ 9.97 (s, 1H), 8.49 (s, 1H), 7.78 (s, 1H), 7.33 (d, J = 
7.2 Hz, 1H), 7.29 (t, J = 7.1 Hz, 1H), 7.18 (d, J = 6.8 Hz, 1H),  4.28 (q, J = 7.1 Hz, 2H), 
3.82 (s, 3H), 3.35 (s, 2H), 1.41 (s, 9H), 1.34 (t, J = 7.1 Hz, 3H); 13C NMR (75 MHz, 
CDCl3) δ 184.4, 170.6, 167.5, 141.3, 138.3, 138.2, 129.0, 127.1, 124.2, 123.3, 123.1, 
118.8, 110.8, 80.9, 61.1, 35.3, 33.9, 28.1, 14.4. 
 
 82
 
 
N
CO2Et
CO2tBu
CHO
N
EtO2C CO2tBu
t-BuOK
92%
54 55
Ester 55 
To a stirred a solution of aldehyde 54 (619 mg, 1.67 mmol) in 30 mL of THF was 
added t-BuOK (224 mg, 2.0 mmol) at 0 ℃.The reaction mixture was stirred at the same 
temperature for 15 minutes before quenched with NH4Cl. The reaction mixture was 
diluted with ethyl acetate, washed with brine, NaHCO3, and concentrated. The crude 
product was purified by flash chromatography (ethyl acetate/hexane = 1:1) to give yellow 
oil (543 mg, 92% yield). 
1H NMR (300 MHz, CDCl3) δ 6.85 (s, 1H), 6.78 (t, J = 8.3 Hz, 1H), 6.68 (d, J = 
8.3 Hz, 1H), 6.62 (s, 1H), 6.47 (s, 1H), 6.33 (d, J = 7.1 Hz, 1H), 4.17 (q, J = 7.2 Hz, 2H), 
3.51 (s, 3H), 1.46 (s, 9H), 1.29 (t, J = 7.1 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 170.4, 
168.0, 139.2, 138.7, 138.3, 132.9, 132.8, 128.1, 125.9, 124.9, 121.4, 116.4, 110.7, 81.0, 
61.1, 33.1, 28.2, 14.3. 
 
 
N
EtO2C CO2tBu
Pd/C, H2
N
EtO2C CO2tBu
55 56
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Ester 56 
To a solution of ester 55 (119 mg, 0.33 mmol) in 10 mL of ethyl acetate was 
added 10% palladium on charcoal (35 mg, 0.033 mmol). Air was removed and replaced 
with hydrogen. This process was repeated and the reaction mixture was stirred for 4 
hours. Solid was filtered and solvent was removed. The crude product was purified by 
flash chromatography (ethyl acetate/hexane = 1:1) to give yellow oil (122 mg, 100% 
yield). 
1H NMR (400 MHz, CDCl3) δ 7.12 (d, J = 4.0 Hz, 2H), 6.93 (t, J = 3.9 Hz, 1H), 
6.86 (s, 1H), 4.17 (q, J = 7.1 Hz, 2H), 3.71 (s, 3H), 3.55-3.61 (m, 1H), 3.32-3.49 (m, 4H), 
3.22-3.27 (m, 1H), 1.45 (s, 9H), 1.28 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 
173.7, 172.8, 137.2, 133.0, 126.9, 125.7, 121.6, 118.6, 112.7, 107.1, 80.9, 60.7, 47.3, 46.7, 
33.9, 32.8, 28.1, 26.6, 14.4. 
 
 
N
EtO2C CO2tBu
N
EtO2C CO2H
TFA, anisole
87%, 2 steps
56 57
Acid 57 
To a stirred solution of ester 56 (132 mg, 0.37 mmol) in 4 mL of dry CH2Cl2 were 
added 1,3-dimthoxybenzene (0.15 mL, 1.11 mmol) and TFA (0.43 mL, 5.55 mmol) at rt. 
The reaction mixture was stirred at rt for 3 hours. Solvent was removed before the residue 
was taken up with NaHCO3. The aqueous layer was extracted with ethyl acetate (25 mL 
X 3). The ethyl acetate solution was washed with brine, and concentrated. The crude 
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product was purified by flash chromatography (ethyl acetate/hexane = 1:1) to give yellow 
oil (97 mg, 87% yield). 
1H NMR (400 MHz, CDCl3) δ 11.33 (br., 1H), 7.14 (d, J = 3.8 Hz, 2H), 6.93 (t, J 
= 4.0 Hz, 1H), 6.87 (s, 1H), 4.12-4.21 (m, 2H), 3.71 (s, 3H), 3.62-3.69 (m, 1H), 3.40-3.53 
(m, 4H), 3.25-3.30 (m, 1H), 1.22 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 
179.7, 173.9, 137.3, 132.5, 126.6, 126.0, 121.8, 118.9, 112.0, 107.3, 61.2, 46.4, 46.4, 34.3, 
32.9, 26.5, 14.2. 
 
 
N
EtO2C CO2H
N
NHCbz
1) DPPA, Et3N
2) PhCH2OH
86%
EtO2C
57 58
Carbamate 58 
To a solution of acid 57 (88 mg, 0.29 mmol) in 5 mL of dry toluene which was 
dried with crushed activated molecular sieves were added DPPA (78 μg, 0.35 mmol) and 
Et3N (0.122 mL, 0.876 mmol). The reaction mixture was stirred at 70 ℃ for 5 hours 
before benzyl alcohol (91 μL, 0.876 mmol) was added and stirred for another 2 hours. 
Solid was filtered and solvent was removed. The crude product was purified by flash 
chromatography (ethyl acetate/hexane = 1:1) to give yellow oil (102 mg, 86% yield). 
1H NMR (400 MHz, CDCl3) δ 7.26-7.31 (m, 2H), 7.15-7.19 (m, 3H), 6.96-6.99 
(m, 1H), 6.87-6.89 (app. d, 1H), 5.01-5.09 (app. dd, 1H), 5.01-5.09 (m, 1H), 4.24-4.26 (m, 
1H),, 4.17-4.23 (m, 2H), 3.73-3.75 (app. d, 3H), 3.41-3.47 (m, 2H), 3.29-3.37 (m, 1H), 
3.13-3.29 (m, 1H), 1.27-1.31 (m, 3H); 13C NMR (100 MHz, CDCl3) δ 173.9, 173.6, 156.0, 
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155.8, 137.6, 136.4, 131.6, 131.2, 129.8, 128.6, 128.5, 128.2, 128.1, 127.6, 127.5, 127.0, 
125.9, 125.8, 121.8, 121.7, 119.6, 119.5, 108.9, 108.3, 107.2, 107.0, 66.8, 65.4, 61.1, 61.0, 
51.5, 48.6, 48.4, 33.3, 32.9, 32.9, 32.8, 32.6, 32.6, 14.2. 
 
 
N
NHCbzEtO2C
N
EtO2C NH2
Pd/C, H2
65%
58 59
Amine 59 
To a solution of cabamate 58 (75 mg, 0.15 mmol) in 10 mL of methanol was 
added 10% palladium on charcoal (15 mg, 0.015 mmol). Air was removed and replaced 
with hydrogen. This process was repeated and the reaction mixture was stirred for 4 
hours. Solid was filtered and solvent was removed to give clear oil (27 mg, 65% yield). 
1H NMR (400 MHz, CDCl3) δ 7.14 (d, J = 4.0 Hz, 2H), 6.94 (t, J = 3.9 Hz, 1H), 
6.88 (s, 1H), 4.21 (q, J = 7.1 Hz, 2H), 3.79-3.80 (m, 1H), 3.78 (s, 3H), 3.51-3.76 (m, 1H), 
3.20-3.31 (m, 2H), 3.01-3.13 (m, 2H), 1.58 (br., 2H), 1.31 (t, J = 7.2 Hz, 3H). 
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CHAPTER THREE 
 
ONE-POT BENZOCYCLOBUTENOL SYNTHESIS  
AND THE CORRESPONDING THREE-CONPONENT REACTIONS 
 
1. Background and Introduction 
As important intermediates in organic chemistry, o-quinodimethanes have drawn 
much attention from chemists for decades.1, 2 As highly reactive cis-dienes, it is natural that 
they can be used in Diels-Alder reactions.3 The Diels-Alder reaction between o-
quinodimethanes and dienophiles is thermodynamically favorable, since the products gain 
aromaticity (Scheme 1).  
Scheme 1. Diels-Alder Reactions of o-Quinodimethanes 
R2
R1
+
R3
R2
R1
R3
 
o-Quinodimethanes are very reactive intermediates. For example, the parent o-
quinodimethane dimerizes at -150 ℃.4 Because of this reactivity, they are usually generated 
in situ and trapped immediately with dienophiles, either intermolecularly or intramolecularly. 
Many successful syntheses have proven that o-quinodimethanes are versatile building blocks 
in synthetic organic chemistry.5-9  
The most important methods to generate o-quinodimethane intermediates have been 
classified into five categories.1, 2 As shown in Scheme 2, these methods are: 1) thermolysis of 
benzocyclobutenes (path A); 2) 1,4-elimination of α, α’-substituted o-xylenes (path B); 3) 
retro Diels-Alder reactions of benzo-fused heterocyclic compounds (path C and D); 4) 
photoenolization of o-methylbenzaldehydes and photo rearrangement of o-methylstyrenes 
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(path E); 5) and from o-xylylene-metal complexes (path F). Among these methods, the 
thermal-ring opening of benzocyclobutenes method is used extensively and will be the focus 
of this chapter. 
Scheme 2. Generation of o-Quinodimethanes 
o-Quinodimethane
Y
X
Y
X
X Y
XM
A B C
D
E
F
 Benzocyclobutenes are important precursors of o-quinodimethane intermediates.10, 11 
Because of the thermal-induced conversion between these two species, benzocyclobutenes 
are often used as protected o-quinodimethane intermediates.  
 Substitution on the benzocyclobutenes has a great influence on how easily they can 
be transformed into o-quinodimethanes.12 The presence of electron-donating groups on the 
cyclobutene ring facilitates the ring opening, and the ease of ring opening parallels the 
electron-donating capability of the groups. As we can see from Scheme 3, benzocyclobutene 
opens at 200 ℃ while the corresponding benzocyclobutenol opens at only 80 ℃.  
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Scheme 3. Ring Opening Temperatures for Substituted Benzocyclobutenols 
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 Because of the ease of ring opening to form o-quinodimethane intermediates and the 
Scheme 4. Intramolecular Diels-Alder Reaction 
 
possibility of using the oxygenated group as a handle in subsequent chemistry, 
benzocyclobutenols and their derivatives are more important than the parent 
benzocyclobutene in organic chemistry. 
PhB(OH)2OH HO CO CH+ 2 3
PhPh
As has been well established, the thermal-opening of benzocyclobutenols results in 
hydroxylated o-quinodimethane intermediates. These can be trapped with various dienophiles. 
O
B
O
CO2Me
B
CO2Me
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As shown in Scheme 4, boron tethered substrates can bring dienes and dienophiles together 
to make the intramolecular Diels-Alder reaction happen13. 
 The Danishefsky group explored the possibility of using 1,2-trans-
disiloxybenzocyclobutenes as substrates in the thermal intermolecular hetero Diels-Alder 
reactions.14, 15 The two siloxyl groups greatly facilitate the ring opening, which forms the o-
quinodimethide intermediates at only 40 ℃ .This enables the reaction of the 1,2-trans-
disiloxybenzocyclobutenes with various hetero dienophiles, such as aldehydes and imines, at 
very mild condition (Scheme 5). 
Scheme 5. Reactions of 1,2-trans-Disiloxybenzocyclobutenes with Hetero Dienophiles 
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The Choy group surmised that since electron-donating groups lower the energy 
barriers towards o-quinodimethide formation, a hydroxyl anion could further lower the 
temperature (< 0 ℃) of the ring opening. And the associated counterion of the resulting 
oxygen anion could serve as a Lewis acid center for the succeeding Diels-Alder reactions at 
the same temperature.  The hypothesis was proven through treatment of benzocyclobutenols 
or their acetates with n-BuLi at 0 ℃ or lower and trapping the intermediates with various 
dienophiles to furnish the Diels-Alder adducts16, 17 (Scheme 6). 
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Scheme 6. Facile Ring Opening of Benzocyclobutenoxides 
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Olofson and coworkers studied the anion-accelerated ring opening reaction of 
benzocyclobutenols further. As shown in Scheme 7, symmetrical anthracenes could be made 
in modest yields by treatment of substituted halobenzenes with LiTMP in boiling THF.18 In 
this reaction, benzyne intermediates react with the acetaldehyde enolate, which is formed 
from metalation-fragmentation of THF by LiTMP to give the benzocyclobutenoxide 
intermediate. This reacts further with benzyne to form anthracenes. 
Scheme 7. Benzocyclobutenol Synthesis of Symmetrical Anthracenes 
LiTMP
Br
LiTMP
O
O
O
When benzocyclobutenols and substituted halobenzenes were stirred at reflux in 
tetrahydropyran, unsymmetrical anthracenes could be obtained in modest to good yields19 
(Scheme 8). In this reaction, LiTMP was used to deprotonate tje benzocyclobutenol and 
mediate the benzyne intermediate formation from chlorobenzene. Then a regiospecific 
reaction between the o-quinodimethide and the benzyne afforded the desired unsymmetrical 
anthracene products after dehydration. 
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Scheme 8. Benzocyclobutenol Synthesis of Unsymmetrical Anthracenes 
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Hetero-dienophiles, such as nitriles and aldehydes, were also used as dienophiles to 
trap the benzocyclobutenoxide intermediates. Substituted isoquinolines and substituted 3,4-
dihydroisocoumarins could be prepared after dehydration or oxidation20, 21 respectively 
(Scheme 9). 
Scheme 9. Benzocyclobutenol Synthesis of Substituted Isoquinolines and Substituted 
3,4-Dihydroisocoumarins 
R
OH
R
O
O
R
LiTMP
R'CN
R'CHO
R
N
OH
R'
R
N
R'
R
O
OH
R' R
O
O
R'
The most traditional way to prepare benzocyclobutenols goes through a process in 
which benzynes are used as intermediates. As shown in Scheme 10, benzenediazonium 
carboxylates were heated to lose nitrogen and carbon dioxide to give benzynes, which were 
trapped with oxygen-substituted olefins to give benzocyclobutenol derivatives in a 2+2 
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cycloaddition fashion. The products could be further converted to benzocyclobutenols 
through simple transformations.22, 23  
Scheme 10. Benzocyclobutenol Synthesis 
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 This method has some weaknesses: 1) it is hard to prepare substituted 
benzocyclobutenols as the corresponding substituted benzenediazonium carboxylates are not 
readily available; 2) the benzenediazonium carboxylates are relatively unstable; 3) the whole 
preparation takes 2-3 steps and the yields are only modest. 
 As has been shown in Olofson’s anthracene synthesis (Scheme 7), benzynes can react 
with acetaldehyde enolate to form benzocyclobutenoxide intermediates – the precursors of 
benzocyclobutenols. This strategy actually constitutes a one-pot synthesis of 
benzocyclobutenols. The same reaction was first reported by Fleming and Mah. 24 Although 
they were the first to suggest the reaction pathway, they reported only three examples. 
Olofson’s follow-up work tested more substrates.18 However, anthracene synthesis was the 
only application of this strategy. Since the reaction was carried out in refluxing THF and 
benzynes were reacting indiscriminately, it is impossible to isolate benzocyclobutenols under 
these conditions. 
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 The Durst group later evaluated the possibility of generating benzocyclobutenols at 
low temperatures using this strategy.25 Benzynes and ketone enolates were prepared from 
halobenzenes and ketones with LiTMP at -40 to 78 ℃ in the same pot. These two species 
reacted with each other to afford benzocyclobutenols in fair to good yields (Scheme 11). 
Scheme 11. One-pot Benzocyclobutenols Synthesis 
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 This was the first reported one-pot synthesis of benzocyclobutenols. However, only 
ketone enolates were reported to react with benzynes. No aldehyde enolates were tested. The 
yields of this reaction were only modest. More importantly, since benzocyclobutenoxides 
were generated in this route, it is possible that dienophiles can be used to trap these 
intermediates to complete a three-component reaction. 
2. Results and Discussion 
 Our study of benzocyclobutenol chemistry was first set up to evaluate the feasibility 
of reacting aldehyde enolates with benzynes to give benzocyclobutenols in a one-pot fashion. 
We also wanted to improve the yield and test the possibility of an in situ trapping of the 
generated benzocyclobutenoxides with various dienophiles, which would complete 
corresponding three-component reactions. 
 It is well known that the enolates of reactive aldehydes are difficult to make due to 
the base-catalyzed polymerization. The enolate of acetaldehyde is especially elusive to 
standard preparation methods. Bate was the first to report that the lithium enolate of 
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acetaldehyde could be formed from treatment of THF with n-BuLi, with ethylene being the 
only by-product.26 Later on, the Jung group successfully trapped the enolate with 
trimethylchlorosilane to afford the corresponding enol silyl ether.27 The generation of this 
species was also proved by successful isolation of O-acylated products and the C-alkylated 
products via the tributyltin enolate. 
 According to Jung, the reaction of n-BuLi with THF at 25 ℃ for 16 hours under a 
nitrogen atmosphere affords the desired lithium enolate of acetaldehyde in essentially 
quantitative yield based on the alkyllithium.27 This method proved to be an ideal way to 
prepare acetaldehyde enolate at ambient temperature, which will not be complicated by the 
aldehyde-enolate condensation process (Scheme 12). 
Scheme 12. Acetaldehyde Enolate Preparation 
O
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 Given an efficient way to make acetaldehyde enolate, we first choose to produce the 
other intermediate – benzyne through the base-mediated elimination of halobenzenes. This 
method has been demostrated by the Durst group to be a reliable way to generate benzynes at 
low temperatures (Scheme 11).  
In the beginning, n-BuLi was added to THF and stirred at rt for 16 hours. After the 
addition of bromobenzene or chlorobenzene, LiTMP was added dropwise at -40 ℃ and 
stirred for 5 hours at the same temperature. When the reaction mixture was quenched with 
NH4Cl, we were delighted to find that this strategy worked to afford the desired 
benzocyclobutenol (Scheme 13). 
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Scheme 13. One-Pot Synthesis of Benzocyclobutenols 
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 When methoxylated bromobenzenes or chlorobenzenes were used as substrates, the 
addition of the acetaldehyde enolate to the generated methoxylated benzynes was 
regiospecific to give the ortho-methoxy benzocyclobutenols (Scheme 14). In the benzyne 
formation step, the halogen group can be either ortho or meta to the methoxyl substitution. In 
both cases, the same benzyne intermediate was made. In the enolate addition step, the enolate 
was directed by the methoxyl group to attack entirely from the meta-position. 
Scheme 14. One-Pot Synthesis of Alkoxylated Benzocyclobutenols 
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 Despite that this is the first one-pot synthesis of benzocyclobutenols through the in 
situ generation of benzyne and acetaldehyde enolate intermediates, the yields for most of the 
reactions are only modest (Scheme 15). Although it has been reported that LiTMP has very 
low addition reactivity towards benzynes, we isolated a fair amount of adducts of LiTMP to 
the benzyne intermediates in the reaction. The modest yields may be due to this competing 
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reaction. Therefore, it is desirable to find a new way to generate benzynes in which the 
acetaldehyde enolate will react with them preferably. 
Scheme 15. First Generation Benzocyclobutenol Synthesis Results 
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 The Iwao group reported a new method to synthesize substituted benzocyclobutenes 
through the direct lithiation of chlorobenzenes.28 In their approach, the chlorine atom was 
used as an ortho directing group for the ortho lithiation. As shown in Scheme 16, at -105 ℃ 
they generated the lithium anion ortho to the chlorine, which was trapped by a Michael 
acceptor. The Michael adduct was treated with LDA as base to initiate the formation of 
benzyne intermediate through a β-elimination. Then an intramolecular cyclization produced 
the desired 1-substituted benzocyclobutenols. 
 
 
 100
Scheme 16. The Iwao Benzocyclobutene Synthesis28  
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When 3-chloroanisole was lithiated at -78 ℃ and trapped with a Michael acceptor, 
only the biphenyl derivative was obtained (Scheme 17). This product was probably generated 
by addition of 3-chloro-2-lithioanisole to the methoxybenzyne derived from the lithiated 
species, followed by Michael addition to the resulting lithiobiphenyl. 
Scheme 17. Unexpected Benzyne Formation in Iwas Benzocyclobutene Synthesis 
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It was then concluded by the Iwao group that the low temperature was essential to 
prevent benzyne formation. However, we assumed that if both the ortho lithiation and the 
following β-elimination are efficient enough, this could be another good way to generate 
benzyne species, which could be used to our advantage.  
A number of substrates were subjected to this new strategy to test its feasibility. As 
shown in Scheme 18, acetaldehyde enolate was first prepared by fragmentation of lithiated 
THF at rt. Then halobenzene was lithiated by sec-BuLi at -110 ℃, followed by warming to -
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78 ℃ to generate benzyne. The reaction between these two species subsequently afforded 
benzocyclobutenols. 
Scheme 18. Second Generation Benzocyclobutenol Synthesis 
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 This new strategy was successful.  All the substrates could be converted to the 
corresponding benzocyclobutenols with higher yields than those from the first generation 
synthesis (Scheme 19).  
Scheme 19. Second Generation Benzocyclobutenol Synthesis Results 
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 The success of this strategy may be because that at the very low temperatures in the 
new benzyne generation method, acetaldehyde enolate was the more reactive species than the 
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aryl lithium species to attack the benzyne intermediates and produce the benzocyclobutenol. 
Therefore, much better yields were observed. 
 In both strategies, benzocyclobutenoxides were generated as precursors of the 
benzocyclobutenols. As benzocyclobutenoxides were in equilibrium with the corresponding 
o-quinodimethide intermediates, it is natural that one can explore the possibility of trapping 
them with dienophiles. Although the Olofson group and others have studied the reactions 
between o-quinodimethides and various dienophiles, they all required ready made 
benzocyclobutenols. A reaction of this one-pot trapping of o-quinodimethides has never been 
reported to our knowledge. 
 The study of these novel three-component reactions was started from testing our first 
generation benzocyclobutenol synthesis strategy. Diethyl maleate and diethyl fumarate were 
used as dienophiles. The three-component adducts were isolated as expected (Scheme 20). 
Scheme 20. In Situ Trapping of Benzocyclobutenoxide Intermediates 
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The tetrahydronaphthalene products mostly maintained the alkene configuration. 
However, the yields of these three-component reactions were between 33-45% (Scheme 21). 
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The reason could be that this strategy was the less efficient of the two in generating 
benzocyclobutenoxides intermediates. The yields of the three-component reactions are 
unlikely to exceed the yields of benzocyclobutenols from this strategy.  
Scheme 21. First Generation Three-Component Synthesis Results 
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Since the second strategy gives better yields of the benzocyclobutenols, it is 
conceivable that the corresponding three-component reaction would be more efficient. 
Indeed, when the new benzyne generation method was applied to the three-component 
reaction, better yields were obtained (Scheme 22). 
Scheme 22. Second Generation Three-Component Reaction 
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In the second generation three-component reaction, diethyl maleate and diethyl 
fumarate were also used as dienophiles. Better yields were obtained as expected (Scheme 23). 
Scheme 23. Second Generation Three-component Synthesis Results 
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In addition to diethyl maleate and diethyl fumarate, methyl methacrylate has also 
been used as a dienophile. The corresponding adduct was isolated in a 65% yield. When 
benzaldehyde was used as the dienophile, a lactol was produced, which was oxidized with 
PCC to afford the substituted 3,4-dihydroisocoumarin in 36% overall yield. The endo-
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selectivity of the Diels-Alder reactions varied from substrate to substrate. Most cases favored 
the endo-product (Scheme 23). 
Berbines (tetrahydroprotoberberines) are important alkaloids that possess a 
tetrahydro-isoquinoline core.29,30 Substituents on the aromatic nucleus are typically present at 
C2, C3, and either at C9 and C10 or at C10 and C11. Some berbine derivatives also have a 
methyl group at C8 or C13. Many studies have been directed towards this type of compound 
owing to their synthetic31,32 and biological33-36 significance. 
We envisioned that if cyclic imines can be used to trap the o-quinodimethane 
intermediates, the core structure of berbine derivatives could be constructed in one operation 
(Scheme 24). 
Scheme 24. Retrosynthetic Analysis of Berbine Derivatives 
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The synthesis was initiated with benzocyclobutenol and 3,4-dihydroisoquinoline. 
First benzocyclobutenol was treated with n-BuLi at -78 ℃ , and the generated o-
quinodimethide intermediate was trapped with 3, 4-dihydroisoquinoline. After warming to 0 
℃, a tetracyclic enamine was isolated in 40% yield (Scheme 25). 
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Scheme 25. Cyclic Imine Trapping of o-Quinodimethanes 
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There are two possible pathways for this Diels-Alder reaction: path A and path B 
(Scheme 26). Although path A is more direct (simple dehydration of compound I could give 
the tetracyclic enamine) compound I was not the expected Diels-Alder adduct. We prefer 
path B, in which the normal Diels-Alder adduct II was first generated. Then a series of base-
mediated isomerizations afforded the tetracyclic enamine. 
Scheme 26. Reaction Mechanism 
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Since a cyclic imine was proved to be an effective dienophile for o-quinodimethides, 
the planned one pot strategy was attempted. When chlorobenzene was used as a starting 
material, the o-quinodimethide was generated as described in Scheme 20, and reacted with 3, 
4-dihydro-isoquinoline. The same enamine product was isolated in 32% yield. The 3-
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chloroanisole could also be converted to the methoxyl-substituted tetracyclic enamine in 28% 
yield (Scheme 27). 
Scheme 27. One-Pot Synthesis of Berbines Skeleton 
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Berbine was then synthesized through NaBH4 reduction of the enamine. And 1-
methoxyberbine was prepared by the same method (Scheme 28). 
Scheme 28. Reduction of Enamines 
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However, when a dimethoxy 3,4-dihydroisoquinoline was used as the dienophile in 
the one-pot strategy, no desired product was isolated. As shown in Scheme 29, only the 
corresponding benzocyclobutenol and the unreacted isoquinoline were obtained. In the 
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thermal reaction between the benzocyclobutenol and the isoquinoline, only a trace amount of 
the desired tetrahydroxyberbine was obtained as the products together with the ring opened 
ortho-methylbenzaldehyde. 
Scheme 29. Unsuccessful Synthesis of Substituted Berbines 
N
O
O
O
O
Cl
sec-BuLi
THF, -110 oC
O O
-78 oC
O
N
O
O
O
O
R
Cl
sec-BuLi
THF, -110 oC
O O
-78 oC - 0 oC
78%
O
-78 oC
OHO O
N
O
O
+
N
O
O
O
O
N
O
O
+ Toluene, 160 oC
OH
OO
O
H +
N
O
O
O
O
trace
It was possible that the dimethoxy 3,4-dihydroisoquinoline was less electron-deficient, 
therefore less desirable as a dienophile in the Diels-Alder reaction. The more reactive 
isoquinolinium salt was also tried under these conditions. However, only complex a mixture 
was obtained. 
In conclusion, we developed an efficient one-pot synthesis of benzocyclobutenols. 
This strategy was extended to various dienophiles to furnish a new three-component reaction, 
which can quickly build complex structures from simple starting materials in a one-pot 
fashion.  
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3. Experimental Section  
 
Materials and Methods 
Unless stated otherwise, reactions were performed in flame dried glassware under a 
argon atmosphere, using freshly distilled solvents. Air and moisture sensitive reagents were 
transferred via syringe or cannula. Diethyl ether and tetrahydrofuran were distilled from 
sodium and benzophenone ketyl. Methylene chloride, benzene, toluene and diisopropyl 
amine were distilled from calcium hydride. All other commercially obtained reagents were 
used as received. 
Unless stated otherwise, all reactions were magnetically stirred and monitored by 
thin-layer chromatography (TLC) using Sigma-Aldrich silica gel F254 precoated plates (0.25 
mm). Column or flash chromatography was performed with the indicated solvents using 
silica gel (230-400 mesh) purchased from Dynamic Adsorbents, LLC. All melting points 
were obtained on a Laboratory Devices capillary melting point apparatus and are uncorrected. 
1H and 13C NMR spectra were recorded on a Bruker VXR-300 (300 MHz) or a Bruker VXR-
400 (400 MHz) spectrometer. Chemical shifts are reported relative to internal chloroform (1H, 
7.26 ppm; 13C, 77.23 ppm). High resolution mass spectra were performed at the Iowa State 
University Mass Spectrometry Laboratory.  
 
Preparative Procedures 
Representative procedure of first generation benzocyclobutenol synthesis 
 To a 50 mL flame dried flask was added 12 mL of dry THF. n-BuLi (0.8 mL, 2.0 
mmol) was added and stirred at rt for 16 hr. Chlorobenzene or bromobenzene (4.0 mmol) 
was added, which was followed by dropwise addition of LiTMP (5.0 mmol) prepared in a 
separate flask at -40 ℃. The reaction mixture was stirred at the same temperature for 5 hours 
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before it was quenched by slow addition of saturated NH4Cl and allowed to warm to rt with 
stirring. The reaction mixture was extracted with ethyl acetate (30 mL X 3) and the extracts 
were dried over Na2SO4 and concentrated. The crude product was purified by flash 
chromatography to give the benzocyclobutenol compound. 
Representative procedure of second generation benzocyclobutenol synthesis 
 To a 50 mL flame dried flask was added 12 mL of dry THF. n-BuLi (0.8 mL, 2.0 
mmol) was added and stirred at rt for 16 hours. Chlorobenzene (4.0 mmol) was added, which 
was followed by dropwise addition of 1.7 M sec-BuLi (2.47 mL, 4.2 mmol) at -110 ℃. The 
reaction mixture was stirred at the same temperature for 1 hour then slowly warmed to -78 ℃. 
The reaction mixture was stirred for another 5 hours before it was quenched by slow addition 
of saturated NH4Cl and allowed to warm to rt with stirring. The reaction mixture was 
extracted with ethyl acetate (30 mL X 3) and the extracts were dried over Na2SO4 and 
concentrated. The crude product was purified by flash chromatography to give the 
benzocyclobutenol compound. 
 
Br OH
Method (I)
1 2
Benzocyclobutenol 2 
Benzocyclobutenol 2 was prepared from bromobenzene 1 by the first generation one-
pot synthesis as a while solid in 41% yield. mp: 62-63 ℃. 
1H NMR (300 MHz, CDCl3) δ 7.15-7.35 (m, 4H), 5.17 (t, J = 4.9 Hz, 1H), 4.28 (d, J 
= 7.4 Hz, 1H), 3.53 (dd, J = 4.5, 14.3 Hz, 1H), 2.99 (d, J = 14.3 Hz, 1H); 13C NMR (75 MHz, 
CDCl3) δ 147.8, 142.3, 129.3, 127.1, 123.5, 122.3, 70.5, 42.0. 
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Cl OH
Method (I)
3 2
Benzocyclobutenol 2 
Benzocyclobutenol 2 was prepared from chlorobenzene 3 by the first generation one-
pot synthesis in 37% yield. 
 
Br OHO
O
Method (I)
4 5
Benzocyclobutenol 5 
Benzocyclobutenol 5 was prepared from 3-bromoanisole 4 by the first generation 
one-pot synthesis as a while solid in 50% yield. mp: 67-68 ℃. 
1H NMR (300 MHz, CDCl3) δ 7.21 (t, J = 7.4 Hz, 1H), 6.71 (d, J = 7.4 Hz, 1H), 6.69 
(d, J = 8.7 Hz, 1H), 5.25 (s, 1H), 3.910 (s, 3H), 3.53 (dd, J = 4.5, 14.5 Hz, 1H), 3.33 (d, J = 
7.4 Hz, 1H), 2.94 (d, J = 14.4 Hz, 1H); 13C NMR (75 MHz, CDCl3) δ 154.3, 144.2, 131.3, 
131.1, 115.8, 113.9, 70.6, 56.9, 42.4; MS (m/z) 150, 149, 134, 132, 122, 119, 117, 91; 
HRMS Calcd. for C9H10O2: 150.06808, Found: 150.06832. 
 
Cl OHO
O
Method (I)
6 5
Benzocyclobutenol 5 
Benzocyclobutenol 5 was prepared from 3-chloroanisole 6 by the first generation one-pot 
synthesis in 43% yield. 
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O
Benzocyclobutenol 5 
Benzocyclobutenol  by the first generation one-pot 
 mp: 67-68 ℃. 
Benzocyclobutenol 2 
Benzocyclobutenol  by the second generation 
% yield. 
 
Benzocyclobutenol 5 
Benzocyclobutenol  by the second generation 
76% yield.  
 
5 was prepared from 2-chloroanisole 7
synthesis in 39% yield.
 
 
2 was prepared from chlorobenzene 3
one-pot synthesis in 70
5 was prepared from 2-chloroanisole 7
one-pot synthesis as in 
 
O
OHMethod (I)Cl
57
OHCl
Method (II)
3 2
O O
Cl OH
Method (II)
7 5
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O
Cl Method (II)
56
O
OH
Benzocyclobutenol 5 
nol 5 was prepared from 3-chloroanisole 6 by the second generation 
one-po
Benzocyclobutenol 9 
nol 9 was prepared from chlorobenzene 8 by the second generation 
one-po
H), 6.57 (d, J = 7.7 Hz, 1H), 
5.17 (b
Benzocyclobutenol 11 
Benzocyclobute
t synthesis in 89% yield.  
 
O Cl
O
O
O
Method (II)
8 9
OH
Benzocyclobute
t synthesis as a while solid in 78% yield. mp: 95-97 ℃. 
1H NMR (300 MHz, CDCl3) δ 6.75 (d, J = 7.6 Hz, 1
r., 1H), 3.99 (s, 3H), 3.75 (s, 3H), 3.37-3.47 (m, 2H), 2.84 (dd, J = 0.75, 14.2 Hz, 1H); 
13C NMR (75 MHz, CDCl3) δ 147.5, 144.4, 134.8, 130.8, 115.4, 114.2, 70.1, 57.9, 56.5, 41.5; 
MS (m/z) 181, 180, 179, 165, 150, 122, 91; HRMS Calcd. for C10H12O3: 180.07864, Found: 
180.07889. 
 
 
O Cl O
Method (II) OH
O O
10 11
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Benzocyclobutenol  by the second generation 
one-pot synthesis as a while 
1 J = 2.7 Hz, 1H), 
3.93 (s, 3H), 3.75 (s, 3H  = 10.9 Hz, 1H), 2.543 
Hz, CDCl3): δ 163.1, 155.8, 144.9, 123.3, 102.1, 100.4, 70.3, 57.3, 
55.8, 4
 
 
Benzocyclobutenol 13 
Benzocyclobutenol 12 by the second generation 
one-pot synthesis as a while 
1H NMR (300 MHz, CDCl J = 6.7 Hz, 1H), 5.28 
r., 1H), 3.89 (s, 3H), 3.78 (s, 3H), 3.66 (dd, J = 3.4, 10.4 Hz, 1H), 3.05 (dd, J = 0.8, 10.4 
; 13C NMR (75 MHz, CDCl3) δ 148.7, 148.5, 132.4, 126.7, 116.8, 
115.2, 
Represe
was added, which was followed by dropwise addition of LiTMP (5.0 mmol) prepared in a 
11 was prepared from chlorobenzene 10
solid in 75% yield. mp: 74-76 ℃. 
H NMR (300 MHz, CDCl3) δ 6.32 (s, 1H), 6.24 (s, 1H), 5.25 (d, 
), 3.50 (dd, J = 3.3, 10.9 Hz, 1H), 2.916 (d, J
(br., 1H) 13C NMR (75 M
2.4; MS (m/z) 181, 180, 179, 163, 162, 135, 120, 119, 91; HRMS Calcd. for C10H12O3: 
180.07864, Found: 180.07890. 
13 was prepared from chlorobenzene 
solid in 71% yield. mp: 81-83 ℃. 
3) δ 6.69 (d, J = 6.7 Hz, 1H), 6.63 (d, 
(b
Hz, 1H), 2.81 (br., 1H)
70.5, 57.1, 56.6, 41.9; MS (m/z) 181, 180, 165, 163, 150, 149134, 122, 91; HRMS 
Calcd. for C10H12O3: 180.07864, Found: 180.07889. 
ntative procedure of first generation three-component reaction 
 To a 50 mL flame dried flask was added 12 mL of dry THF. n-BuLi (0.8 mL, 2.0 
mmol) was added and stirred at rt for 16 hours. Chlorobenzene or bromobenzene (4.0 mmol) 
Cl OH
O
O
O
O
Method (II)
12 13
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separate flask beforehand at -40 ℃. The reaction mixture was stirred at the same temperature 
for 5 hours before it was quenched by slow addition of dienophile and allowed to slowly 
warm to rt with stirring. The reaction mixture was extracted with ethyl acetate (30 mL X 3) 
and the extracts were dried over Na SO  and concentrated. The crude product was purified 
by flash chromatography to give the three-component adduct. The diastereoselectivity is 
determined by flash chromatography separation. In most cases, the minor isomer was not 
isolable to a pure state. 
s stirred for another 5 hours before it was quenched by slow addition 
of dienophile and allowed to warm to rt with stirring. The reaction mixture was extracted 
with ethyl acetate (30 mL X 3) and the extracts were dried over Na SO  and concentrated. 
The crude product was purified by flash chromatography to give the three-component adduct. 
The diastereoselectivity is determined by flash chromatography separation. In most cases, the 
minor isomer was not isolable to a pure state. 
 
2 4
Representative procedure of second generation three-component reaction 
To a 50 mL flame dried flask was added 12 mL of dry THF. n-BuLi (0.8 mL, 2.0 mmol) was 
added and stirred at rt for 16 hours. Chlorobenzene (4.0 mmol) was added, which was 
followed by dropwise addition of 1.7 M sec-BuLi (2.47 mL, 4.2 mmol) at -110 ℃. The 
reaction mixture was stirred at the same temperature for 1 hour then slowly warmed to -78 ℃. 
The reaction mixture wa
2 4
Benzocyclohexanol 15 
Cl CO2Et
CO2Et
OH
O
O
O
O
+
Method (I)
3 14 15
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Benzocyclohexanol 15 was prepared from chlorobenzene 3 and diethyl maleate 14 by 
the first generation three-component reaction conditions as yellow oil in 38% yield (d.s. = 
7:1). 
(major isomer) , 1H), 7.24-7.26 (m, 1H), 
7.12-7.14 (m, 1H), 5.10 (d,  = 5.6, 11.8, 17.4 
Hz, 1H), 3.19 (dd, J = 5.5, 16.8 Hz, 1H), 3.09 (dd, J = 3.4, 11.7 Hz, 1H), 2.87 (dd, J = 11.9, 
H), 1.28-1.32 (m, 6H); 13C NMR (100 MHz, CDCl3) δ 174.9, 172.7, 
136.1, 
3107. 
 
hexanol 17 
Benzocyclohexanol 17 was prepared from chlorobenzene 7 and diethyl fumarate 16 
by the first generation three-component reaction condition as a yellow oil in 35% yield (d.s. 
= 10:1). 
(m J = 
8.2 Hz, 1H), 6.74 (d, , 4H), 3.87 (s, 
1H), 3.28 (ddd, J = 7.3, 12.4, 17.4 Hz, 1H), 3.14 (dd, J = 5.1, 16.8 Hz, 1H), 2.99 (dd, J = 4.1, 
 = 12.6, 16.6 Hz, 1H), 2.50 (br. 1H), 1.28-1.32 (m, 6H); 13C NMR 
(100 MHz, CDCl3) δ 175.4, 172.2, 157.6, 135.4, 129.2, 125.1, 121.0, 108.2, 63.0, 61.0, 60.8, 
1H NMR (400 MHz, CDCl3) δ 7.35-7.37 (m
J = 2.7 Hz, 1H), 4.17-4.25 (m, 4H), 3.35 (ddd, J
16.7 Hz, 1H), 2.40 (br. 1
134.1, 129.8, 128.9, 128.9, 127.1, 68.4, 61.3, 61.1, 48.2, 37.2, 32.2, 14.4, 14.4; MS 
(m/z) 292, 291, 275, 274, 229, 227; HRMS Calcd. for C16H20O5: 292.13107, Found: 
292.1
 Benzocyclo
ajor isomer) 1H NMR (400 MHz, CDCl3) δ 7.22 (t, J = 8.0 Hz, 1H), 6.75 (d, 
J = 7.7 Hz, 1H), 5.42 (d, J = 4.1 Hz, 1H), 4.18-4.27 (m
12.1 Hz, 1H), 2.81 (dd, J
Cl
CO2Et
OH
O
O
O
OO O
EtO C2
+ Method (I)
16 177
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55.5, 4
 
Benzocyclohexanol 15 
Benzocyclohexanol 15 was prepared from chlorobenzene 3 and diethyl maleate 14 by 
ponent reaction condition as yellow oil in 54% yield (d.s. = 
9:1). 
 
8.1, 36.9, 32.9, 14.3; MS (m/z) 322, 321, 305, 304, 303, 259, 258, 248, 247, 231, 230, 
229; HRMS Calcd. for C17H22O6: 322.14164, Found: 322.14202. 
O
Benzocyclohexanol 17 
Benzocyclohexanol 17 was prepared from chlorobenzene 4 and diethyl fumarate 16 
by the first generation three-component reaction condition as yellow oil in 49% yield (d.s. = 
6:1). 
the second generation three-com
Cl
CO2Et
OH OO
O
O
O
EtO2C
+ Method (I)
16 174
Cl CO2Et
CO2Et
OH
O
O
O
O
Method (II)
+
14 153
OH
O
O
O
OO O
Cl
CO2Et
CO Et2
Method (II)+
6 14 18
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Benzoc
st generation three-component reaction condition as yellow oil in 72% yield (d.s. = 
:1).. 
(m J = 
8.4 Hz, 1H), 6.75 (d, , 4H), 3.88 (s, 
1H), 3.29 (ddd, J = 4.0, 
12.1 Hz, 1H), 2.82 (dd, C NMR (100 MHz, 
CDCl3) δ 175.4, 172.2, 157.6, 135.4, 129.2, 125.1, 121.0, 108.2, 63.1, 61.0, 60.8, 55.6, 48.2, 
/z) 322, 304, 259, 248, 231, 230, 203; HRMS Calcd. for C17H22O6: 
322.141
Benzocyclohexanol 17 
Benzocyclohexanol 17 was prepared from 3-chloroanisole 6 and diethyl fumarate 16 
by the first generation three-component reaction condition as yellow oil in 65% yield (d.s. = 
15:1).. 
 
yclohexanol 18 
Benzocyclohexanol 18 was prepared from chlorobenzene 6 and diethyl maleate 14 by 
the fir
7
ajor isomer) 1H NMR (400 MHz, CDCl3) δ 7.22 (t, J = 7.8 Hz, 1H), 6.77 (d, 
J = 7.4 Hz, 1H), 5.43 (d, J = 3.9 Hz, 1H), 4.18-4.28 (m
J = 5.0, 12.2, 17.2 Hz, 1H), 3.15 (dd, J = 5.0, 16.6 Hz, 1H), 2.99 (dd, 
J = 12.7, 16.4 Hz, 1H), 1.28-1.33 (m, 6H); 13
37.0, 32.9, 14.3; MS (m
64, Found: 322.14202. 
 
O
CO2Et
OH OO
O
O
O
EtO2CCl
Method (II)+
6 16 17
CO2Me
OH
O
OO O
Cl
Method (II)+
19 206
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Benzoc
e second generation three-component reaction condition as yellow oil in 65% yield 
.s. = 1:1). 
Isomer (I): 1H NMR (300 MHz, CDCl ) δ 7.14 (t, J = 7.8 Hz, 1H), 6.71 (d, J = 7.9 Hz, 
, 1H), 1.99-2.07 
(m, 1H), 1.87-1.96 (m  176.7, 158.1, 137.1, 
/z) 250, 232, 191, 
190, 175, 173, 172, 149, 132; HRMS Calcd. for C14H18O4: 250.12051, Found: 250.12087. 
MR (300 MHz, CDCl3) δ 7.19 (t, J = 7.9 Hz, 1H), 6.75 (d, J = 7.7 
Hz, 1H
7.4, 158.5, 136.9, 128.7, 124.8, 121.4, 107.9, 67.2, 55.5, 52.1, 46.1, 25.3, 23.6, 
19.2; M
ent reaction condition followed by PCC oxidation 
as a yellow oil in 36% yield in 2 steps.  
yclohexanol 20 
Benzocyclohexanol 20 was prepared from 3-chloroanisole 6 and methyl methacrylate 
19 by th
(d
3
2H), 5.32 (s, 1H), 3.87 (s, 3H), 3.62 (s, 3H), 2.77-2.83 (m, 1H), 2.74-2.75 (m
, 1H), 1.37 (s, 3H); 13C NMR (75 MHz, CDCl3) δ
128.3, 126.9, 121.6, 107.9, 66.2, 55.6, 52.0, 46.4, 27.6, 26.6, 21.3; MS (m
Isomer (II): 1H N
), 6.73 (d, J = 8.0 Hz, 1H), 5.07 (s, 1H), 3.86 (s, 3H), 3.78 (s, 3H), 2.72-2.89 (m, 2H), 
2.57 (br., 1H), 2.25-2.36 (m, 1H), 1.86-1.92 (m, 1H), 1.11 (s, 3H); 13C NMR (75 MHz, 
CDCl3) δ 17
S (m/z) 250, 249, 232, 191, 190, 188, 175, 174, 173, 172; HRMS Calcd. for 
C14H18O4: 250.12051, Found: 250.12087. 
 
3,4-Dihydroisocoumarin 23 
3,4-Dihydroisocoumarin 23 was prepared from 3-chloroanisole 6 and benzaldehyde 
21 by the second generation three-compon
O
Cl
CHO
O
OHO
Ph
Method (II)+ PCC
6 21 22
O
OO
Ph
23
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1H NMR (300 MHz, CDCl3) δ 7.38-7.50(m, 3H), 7.33-7.36 (m, 3H), 6.94 (d, J = 8.6 
Hz, 1H
8, 126.5, 119.5, 114.0, 111.3, 79.3, 56.5, 40.0; MS 
(m/z) 2
Enamine 25 
 dry THF in a flame 
dried flask. 2.2 M .After stirring 
at the same tem 2 mL of dry THF was 
se. The reaction mixture was then stirred at -78 ℃ to rt and quenched with 
NH4Cl.
, 189, 176. 
 
), 6.83 (d, J = 7.4 Hz, 1H), 5.41 (dd, J = 3.0, 11.9 Hz, 1H), 3.95 (s, 3H), 3.23 (dd, J = 
12.0, 16.1 Hz, 1H), 3.04 (dd, J = 2.7, 16.2 Hz, 1H),; 13C NMR (75 MHz, CDCl3) δ 162.5, 
161.5, 141.9, 138.7, 134.9, 128.8, 128.
55, 254, 236, 148, 146, 106, 105, 104, 91, 90; HRMS Calcd. for C16H14O3: 254.09429, 
Found: 254.09464. 
 
Benzocyclobutenol 2 (120 mg, 1.0 mmol) was dissolved in 8 mL
n-BuLi (0.50 mL, 1.1 mmol) was added dropwise at -78 ℃
perature for 30 min, imine 24 (262 mg, 2.0 mmol) in 
added dropwi
 The reaction mixture was extracted with ethyl acetate (30 mL X 3) and the extracts 
were dried over Na2SO4 and concentrated. The crude product was purified by flash 
chromatography to give the enamine 25 as a pale yellow oil (92 mg, 40% yield). 
1H NMR (400 MHz, CDCl3) δ 7.80-7.83 (m, 1H), 7.12-7.31 (m, 5H), 7.08-7.14 (m, 
2H), 6.27 (s, 1H), 4.31 (s, 2H), 3.20 (t, J = 7.5 Hz, 2H), 3.01 (t, J = 7.8 Hz, 2H); 13C NMR 
(100 MHz, CDCl3) δ 143.5, 134.6, 134.5, 130.9, 128.3, 128.0, 127.8, 127.7, 126.6, 125.1, 
125.1, 124.1, 123.5, 97.7, 55.2, 50.0, 30.0; MS (m/z) 246, 233, 232, 217, 216, 215
OH
NTHF, -78oC -78oC - r.t.
N
n-BuLi
2 25
24
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Enamine 25 
Enam eration 
three-comp
Enamine 26 
Enamine 26 was prepared from chlorobenzene 6 and imine 24 by the first generation 
three-component reaction condition as a yellow oil in 28% yield 
R (300 MHz, CDCl3) δ 7.75-7.78 (m, 1H), 7.22-7.26 (m, 2H), 7.09-7.16 (m, 
3H), 3.19 (t, 3) δ 154.9, 
ine 25 was prepared from chlorobenzene 3 and imine 24 by the first gen
onent reaction condition as yellow oil in 32% yield. 
 
1H NM
2H), 6.68 (d, J = 7.2 Hz, 1H ), 6.64 (d, J = 8.2 Hz, 1H ), 6.13 (s, 1H), 4.39 (s, 2H), 3.84 (s, 
J = 5.7 Hz, 2H), 3.01 (t, J = 5.9 Hz, 2H); 13C NMR (75 MHz, CDCl
143.6, 135.9, 134.6, 131.0, 128.3, 128.1, 127.9, 126.6, 124.2, 116.6, 115.8, 107.4, 96.9, 55.6, 
49.0, 48.8, 30.0; MS (m/z) 263, 262, 247, 246, 203, 165, 150, 148, 147; HRMS Calcd. for 
C18H17NO: 263.13101, Found: 263.13132. 
 
Cl LiTMP
THF, -40oC
O
-40oC - r.t. N
N
3
24
25
Cl
sec-BuLi
THF, -110oC
O O
-78oC -r.t.
-78oC
N
N
24
O
6 26
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Berbine 27 
Enamine thanol. NaBH4 (11mg, 
night before it was 
th NH4Cl. The reaction mixture was extracted with ethyl acetate (15 mL X 3) 
and the
alcd. for C17H17N: 
235.136
Berbine 28 
Enamine thanol. NaBH4 (17mg, 
rt overnight before it was 
th NH4Cl. The reaction mixture was extracted with ethyl acetate (15 mL X 3) 
and the extracts were dried over Na2SO4 and concentrated. The crude product was purified 
by flash chromatography to berbine 28 as yellow oil (30 mg, 75% yield). 
25 (23 mg, 0.1 mmol) was dissolved in 5 mL of me
0.3 mmol) was added at rt. The reaction mixture was stirred at rt over
quenched wi
 extracts were dried over Na2SO4 and concentrated. The crude product was purified 
by flash chromatography to berbine 27 as yellow oil (18 mg, 81% yield). 
1H NMR (300 MHz, CDCl3) δ 7.09-7.31 (m, 8H), 4.05 (d, J = 14.9 Hz, 1H ), 3.69-
3.78 (m, 2H), 3.35 (dd, J = 3.9, 16.4 Hz, 1H), 3.15-3.23 (m, 2H), 2.90-2.99 (m, 1H), 2.62-
2.71 (m, 2H); MS (m/z) 235, 234, 130, 105, 104, 86, 84; HRMS C
10, Found: 235.13648. 
 
26 (40 mg, 0.15 mmol) was dissolved in 6 mL of me
0.45 mmol) was added at rt. The reaction mixture was stirred at 
quenched wi
N
NaBH4
MeOH, r.t. N
25 27
N
O
NaBH4
MeOH, r.t. N
O
26 28
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1H NMR (300 MHz, CDCl3) δ 7.12-7.30 (m, 5H), 6.79 (d, J = 7.7 Hz, 1H ), 6.70 (d, J 
= 8.2 Hz, 1H ), 4.21 (d, J = 15.9 Hz, 1H ), 3.84 (s, 1H), 3.68 (dd, J = 3.3, 11.3 Hz, 1H), 4.48 
(d, J = 15.9 Hz, 1H ), 3.36 (dd, J = 3.3, 16.4 Hz, 1H), 3.17-3.25 (m, 2H), 2.91 (dd, J = 11.4, 
16.1 Hz, 1H),  2.64-2.80 (m, 2H); 13C NMR (75 MHz, CDCl3) δ 156.1, 138.1, 136.2, 134.9, 
129.1, 129.1, 127.0, 126.3, 126.2, 126.2, 125.8, 125.8, 123.6, 121.1, 121.1, 121.1, 107.3, 76.9, 
59.5, 5
ethanes: efficient intermediates in organic synthesis”, Segura, J. L.; Martin, 
. Chem. Rev. 1999, 99, 3199-3246. 
stems. II. dihalo derivatives of benzocyclobutene 
nd benzocyclobutadiene dimer”, Cava, M. P.; Napier, D. R. J. Am. Chem. Soc. 1957, 79, 
) Fishwick, C. W. G.; Jones, D. W. In The Chemistry of Quinonoid Compounds; Patai, S.; 
lecular cycloaddition reactions of o-quinodimethans in organic synthesis”, 
ppolzer, W. Synthesis 1978, 11, 793-802. 
 
5.5, 54.0, 51.5, 37.0, 29.8; MS (m/z) 266, 265, 264, 234, 157, 136, 135, 134; HRMS 
Calcd. for C18H19NO: 265.14666, Found: 265.14703. 
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GENERAL CONCLUSION 
 
In this dissertation, we have investigated the synthesis of polycyclic indole alkaloids 
together with a novel method to prepare benzocyclobutenols. 
In the first chapter, a formal synthesis of synthesis of HKI 0231B is described. The 
synthetic route feature the formation of the indole moiety using tetrabutylammonium fluoride 
as a mild reagent, while other conventional reagents failed. In addition, we developed a very 
direct route to both demethyl HKI 0231A and demethyl HKI 0231B. The key steps of this 
synthesis are a intramolecular radical cyclization reaction and the DDQ-mediated 
methoxylation reation. 
The second chapter describes a synthetic efforts to abeo-ergolines and their simplified 
analogs. In the synthesis towards abeo-ergolines, a key Michael addition / elimination step 
efficiently brought two parts of the target molecular together in a regioselective and 
diastereoselective fashion to give an advanced intermediate of an abeo-ergoline compound. 
In the synthesis towards analogs of the abeo-ergolines, the route was efficient and flexible 
enough to prepare a series of related compounds for biological evaluation. 
  The third chapter describes a one-pot synthesis of benzocyclobutenols. This method 
allows rapid synthesis of benzocyclobutenols from readily available starting materials. Also, 
benzocyclobutenoxide intermediates are trapped with various dienophiles to give a new 
three-component reaction, which can quickly construct complex organic compounds. 
 
 
